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ABSTRACT 
The purpose of this dissertation is to give a comprehensive description of 
a digital simulation of a once-through supercritical steam generator with its 
associated control system. The simulated plant is rated at 560 MW, 
3,980,000 lb/hr steam flow and a superheater outlet pressure of 3600 psig and 
temperature of 1005°F. It has one stage of reheat to 1005°F. The paper 
includes an extensive bibliography, which references many papers relating to 
the subject of simulation of steam generators. 
A lumped parameter system was utilized in the development of the 
simulation equations. Twenty-three lumps are included. Twelve of these 
lumps consider the fluid flow dynamics and the heat transfer characteristics 
through the walls in a dynamic fashion while the remaining 11 lumps in the 
model are considered in a heat balanced fashion. 
The problem was solved in a nonlinear fashion and the method of solution 
of the process differential equations used is the Runge-Kutta third order 
method. For the control system equations the method of integration used is 
the trapazoidal rule. 
The fundamental equations that are used in the process are considered 
and developed, followed by a complete description of the process itself. The 
various component parts of the supercritical once-through steam generator are 
described. They are the economizer, furnace, superheater, steam leads, 
reheater, air heater, boiler feed pump, feedwater heater, turbines, turbine 
valves, and spray valves. The heat cycle of the plant is given with actual 
points plotted on the T-S and H-S diagrams. 
Relatively large excursions from operating points are allowed since the 
simulation computes the properties of the steam at each iterative cycle. The 
xv 
temperature is computed as a function of pressure and enthalpy for all points 
in the cycle and a discussion of its accuracy in the regions of the heat cycle is 
given. 
In the computer simulation there is provision made to include the change 
in density in the superheater region of the steam generator. The change in 
density is computed by the use of the subroutine which is valid in the region 
where the specific volume is above . 1603 ft3/lb. A discussion is included in 
the paper of its accuracy in the region under consideration. The properties of 
the combustion gas and the method by which it is included in the simulation is 
given in detail. 
A complete description is given of the control system of the simulated 
plant and its interaction with the process equations in the digital simulator. 
The control system is of the integrated mode type. The plant that is being 
simulated has an analog type control system. The simulation is a complete 
digital simulation and, iienee, the control system as well as the process, is 
represented with a digital simulation. The equations are solved using numeri-
cal techniques. Iterations are made to combine the control and process system 
together. The digital simulator may be run either with an open loop control 
system (control system not connected to the process) or with the control system 
operating. Hence, either open loop operation (manual control on the units) is 
available or closed loop control (automatic operation) of the simulated plant is 
available. A complete discussion of the operation of the digital simulator is 
given. There are 17 simulated tests illustrated. Fourteen are open loop tests 
and 3 are closed loop tests using the control system. Open loop tests were 
made on the unit that was simulated. A description of the tests made on the 
actual plant is included. 
The Lagrangian interpolation method for the simulation of the boiler feed 




Since 1920, the steam turbine has been the primary prime mover in 
generating stations. At that time most units used steam with conditions 
200 psig, 500°F and machine ratings from 5 to 30 megawatts. By 1940, the 
conditions of steam were increased to 1200 psig and 950°F with a maximum 
rating of 160 MW for a single shaft unit rated at 1800 rpm. 
In 1957, the first supercritical unit with two stages of reheat began 
commercial service. The steam conditions were 4500 psig and 1150°F/l050°F/ 
1000°F with a generator rating of 125 MW. 
The plant that is being simulated in this study, Michoud, unit number 
three, owned and operated by the New Orleans Public Service, Inc. , is a once-
through, supercritical steam generator. The plant is seen in Figure 1.1. It 
has the following characteristics: 
Rated Output 560 megawatts 
Rated Steam Flow 3, 980,000 lbs. /h r . 
Superheater Outlet 
Pressure 3600 PSIG 
Temperature 1005°F 
Keheat Temperature 1005°F 
It is a gas fired unit and has a 3600 RPM tandem-compound turbine driving 
a 685 MVA generator with an output voltage of 24,000 volts. 
The boiler process is based on the Benson once-through design and does 
not have a steam drum. The feedwater enters the economizer and is heated 
continuously up to the final outlet of the superheater. 
There have been several excellent papers published dealing with various 




Fig. 1.1 Michoud steam electric plant, unit number 3 
representative list of past cases of such simulation. It is seen from the table 
that the simulation efforts may be divided roughly into three categories, e lec-
tronic analog, pneumatic analog, and digital. 
The pneumatic analog simulator has been the most successful to date in the 
training of operators to run a thermal-electric generating plant, hi essence 
this method of simulation has taken actual pneumatic valves and logic elements 
that would be found on the real system and coupled these to an actual, though 
scaled down in size, synchronous generator. This generator would normally 
be driven by a steam turbine but in the simulators it is driven by a direct 
current motor. While this type of simulator has been very successful, it has 
the disadvantage that once it is designed and built, it represents one particular 
thermal-electric generating unit and its characteristics are not easily changed 
and, in fact, usually are not changed. The effect of the inflexible nature of the 
system is to allow only operator training for one particular station and no 
means to study the control problems of a plant before the plant is built. 
hi order to circumvent the various drawbacks of the "direct analog" 
simulators, successful attempts have been made to represent the thermal-
electric plant with mathematical relationships and to subsequently solve these 
equations using either electronic-analog or digital computers. These axe 
listed also in Table 1.1. The papers of J. K„ Dillard and J. L. Everett; 
F . T. Thompson; D. J. Ahner, C. E. Dyer, F . P. deMello, and V. C. 
Summer; F. P. deMello; B. L. Littman and T. S. Chen; and J. Adams, D. R. 
Clark, J. R. Louis and J. P. Spanbauer are of particular importance since 
they illustrate in more detail the procedure that is involved in making such a 
simulation study. Basically the methods used by these men and their associa-
ted study teams were similar, but the details of the solution procedure and the 
technique they employed to solve the resulting "model" system were different. 
The general approach taken in a simulation study such as has been carried 
out consists of first, developing a feel for the overall system; second, setting 
up the general equations necessary to describe the various processes involved; 
third, determining and programming the logic necessary for interconnecting 
TABLE 1.1 
LIST OF PAST CASES OF SIMULATION 
Author Title Process Technique 
Schmidt, (Babcock & K.) 
Clark, (Bailey M.) 
Nicholson 
Univ. of Cambridge 
Whitesellj Bowles 
(American Oil) 
Dillard, (W), Everett 
(Phil. Eloc.,, 
Gardner, C. M. 
Howard, E. D. 
(SCE) 
Garrett, R. T. 
Van Sickle, A. H. 
(Detroit Ed. Co.) 
Evans, R. K. 
(Ass. Power Ed.) 




(Leeds & Northrup) 
Adams, J. 
Clark, Dr., Louis 
(Bailey Meter) 
Spanbauer (Babcock & W) 
Analog Simulation Technique for Modeling 
Parallel - Flow Heat Exchangers Feb. 1967 
Dual-Mode control of a Time-Varying Boiler 
Model with Parameter and State Estimation 
Feb.4 1965 
Train Power Station Operation by Analog 
Jan., 1965 
Simulation of the Steam Power Plant, 1961 
Simulated Controls Aid Operator Training 
Oct., 1-965 
Boiler Simulator Control Circuit Designs 
Simulator Trains Plant Operators 
A Simulated Boiler and Control 
Board for Operating Procedures Training 
Simulator Helps Train Plant Personnel 
May, 1965 
Simulation of Bull Run Supercritical 
Generation Unit Feb., 1966 
Mathematical Modeling of Once-Through 
.Boiler Dynamics Feb., 1965 
Parallel-Flow Heat 
Exchanger 
Time varying boiler 
model 
Power station operation 
Drum type boiler, tur-
bine 
(Bailey & SCE) Power 
Plant Operation 
Feedwater and Combustion 
Control 
(Con. Ed. N.Y. by 
Curtis Wright) Boiler, 
Boiler load control 
85 Linearized DE, 150 
linear algebraic eq. super-
critical once-through boiler 
Turbine boiler, once-through 
subcritlcal Linearized N.L. 
DE 
Analog, electronic EDA 
time lumping,(Sample pb) 
Digital, linear, sampled 
data 
Analog, electronic, EDA 
general 
Digital, 120 linear D.E., 
lumped parameter 
Analog, air elec, general 
Analog, air general 
Analog, air (Pneumatic) 
general 
Analog EDA Digital to gee 
transient response 
Analog EDA Digital to get 
scaling and coefficients 
^ 
TABLE 1.1 CONTINUED 
Author 
Ahner, D. J. 
DeMello, F. P. 
Dyer, C. E. 
{General Electric) 
Summer, V. C. 
(S. C. Elec. and gas) 
Thompson, F. T. 
(Westinghouse) 
DeMello, F. P. 
(Ceneral Electric) 
Title 
Analysis and Design of Controls for a 
Once-Through Boiler Through Digital 
Simulation May, 1966 
A Dynamic Model of a Drum-Type Boiler 
System May, 1965 
PlanfDynamics and Control Analysis 
Process 




Linearized Drum-Type Boiler 
and Combustion Parts 





Digital 7094 (20 min.) 




and operating the simulation; fourth, solving the equations developed using the 
computing equipment available and fifth, producing useful simulated output. 
Since the dynamic behavior of the physical apparatus and processes should 
be represented by a set of nonlinear, partial differential equations, (these are 
equations where the dependent variables and their differential coefficients are 
greater than first degree), the formal solution is generally impossible and a 
straightforward control-system synthesis technique of a nonlinear system has 
been limited to low order systems with only a very few controlled variables. 
Because of these limitations, most of the study groups'have only 
approximated the nonlinear power plant with a linear model. The procedure 
one would follow to do this is to first develop the nonlinear, ordinary differen-
tial equations which would apply and then to linearize these equations about a 
steady-state operating point. The obvious limitation to this procedure i s , of 
course, the fact that the use of these linearized equations is restricted to the 
chosen operating point and to small excursions about it. 
Also the variables used in the basic partial differential equations governing 
the fluid flow and heat transfer are generally functions of all three space dimen-
sions, as well as time. It has been found that the temperature of the outlet of a 
long heated tube may be determined for simple configurations, if the problem 
variables are only a function of time and the tube length. For complex configu-
rations, however, the solution is not practical without the additional use of 
some device such as "space" or "time" lumping. This gives rise to the famil-
iar lumped parameter representation of a distributed parameter system. Most 
of the simulations, as well as this one, have incorporated the space lump 
n o 
scheme. Schmidt & Clark describe the use of the time lump in their paper. 
Historically the first record of a commercially operating plant designed to 
be of the supercritical type was cited in the article by P. W. Swain who was 
writing in Power in 1923. These two early papers that describe the Benson 
Super Pressure Plant pointed out the economic reasons for going to a super-
critical unit and they are the same ones that are presently used in the 
description of the present day modern supercritical units. That i s : (1) a large 
7 
saving in fuel costs, (2) a reduction in initial cost, (3) substantial saving in 
floor space, (4) substantial saving in weight. 
The plant that was described almost 50 years ago was an experimental 
test plant that was erected in Rugby, England with an equivalent rating of 1 
megawatt. The steam was to be generated at a pressure above 3200 psia and 
then throttled with a throttle valve to 1500 psia before being superheated and 
then entering the high pressure turbine at 1500 psia and 788°F. 
The cycle is very similar to the cycle to be described for the modern 
supercritical plants and the basis under which the present plants operate is 
identically the same. The water is compressed using a boiler feed pump to a 
rather high pressure above the critical pressure and then water is heated and 
turned into steam at this high pressure. There is no boiling that takes place 
but rather the water changes to steam as it passes through the critical region. 
Since boiling does not occur in the normal sense there is a marked saving in 
the heat that is not required to evaporate the water which is the primary reason 
for the economic savings in the operation of the plant. 
As mentioned earlier the simulation that is being used is a lumped 
representation of the plant. The 23 lumps that are represented are shown in 
Figure 1. 2 which is the fluid and gas flow paths for the supercritical once-
through unit. The fluid leaves the boiler feed pump at a high pressure and 
enters the high pressure feedwater heater and then passes into the main part of 
the boiler starting with the economizer and through the various lower and upper 
wall passes of the furnace. During these final passes in the furnace the fluid 
changes from a liquid form to a vapor form (steam) and passes into lump 9, 
the primary superheater and on to the finishing superheater through the steam 
leads to the throttle valve, lump 16, where it is throttled before passing into 
the high pressure turbine. After exhausting from the high pressure turbine the 
steam is reheated and passed again through the intermediate and low pressure 
turbine from which it exhausts to the condenser. The fluid then is pumped by 
the condensate pump from the hot well to the low pressure feedwater heater to 
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Fig. 1.2 Fluid and gas flow paths for supercritical once-through unit. 
CO 
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Note that there are two levels of extraction, one from the high pressure 
turbine and one from the intermediate and low pressure turbine as indicated by 
the flows WEI and WE2 respectively. These extraction flows of steam are 
used to heat the feedwater before it passes into the furnace and the condensate 
from this extracted steam is recirculated as shown in the diagram. 
The combustion gas flow follows the path from the air heater where the air 
comes from the atmosphere and is then combined with the fuel which, in this 
case of the simulated plant, is natural gas where it is burned as is described 
in a later section. The combustion process gives off heat to the various por-
tions of the furnace through the radiation and convection passes. After passing 
through the finishing superheater the combustion gas passes to one of two 
different paths indicated by WG(2) and WG(3). The damper, block 22, deter-
mines what proportion of the total combustion gas flows over either the 
primary superheater or over the reheater. The gases are then recombined 
and passed over the economizer and go out to the stack through the air heater. 
The detail of the heat transfer and other equations will be discussed in later 
sections throughout the paper. 
In Figure 1.3 a side elevation of the steam generator is presented and in it 
the various parts of the steam generator are seen labeled and can be recognized 
in relation to the total fluid and gas flow paths as was described in relation to 
Figure 1. 2. Specifically the front of the steam generator is given to the left of 
the figure where the furnace is labeled. Pass number 1 is the floor pass which 
consists of tubes through which the water flows and is heated by radiation. 
Pass 2 and part of pass 5 are front wall passes. Pass 3 and part of pass 5 are 
side wall passes. Pass 4 is a rear wall pass. 
The natural gas comes through the burners, is combined with the air in the 
furnace, and combustion takes place. The hot combustion gases then flow over 
the platen superheater indicated at the top of the front of the furnace and then 
pass over the finishing superheater. From there they go to the rear of the 
steam generator which is the right of the Figure 1. 3 and the damper then 





Fig. 1. 3 Side elevation of the steam generator 
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the primary superheater sections. The combustion gas then flows over the 
economizer out through the air heater and to the stack where it is exhausted. 
In order to get a feeling for the various properties of the fluid as it 
passes through the system an approximate profile is indicated in Figure 1. 4 for 
the pressures, enthalpies, and temperatures from the economizer to the output 
of the steam leads which is the input to the throttle valve. Here is seen that 
the input condition of the fluid to the economizer is at approximately 500°F with 
a pressure of approximately 4100 psia while after transition through the v a r i -
ous parts of the steam generator it exits the steam leads in preparation to 
enter the turbine at approximately 3500 psia with a temperature of approxi-
mately 1000°F. The detailed heat cycle will be seen in a later section. 
In addition to the simulation of the process as has been indicated the 
simulation includes also the portions of the control system that are required to 
control the main functions of the unit. This is basically the feedwater flow 
control, the reheat steam temperature control, a firing rate control, and a 
fuel flow control. The two simulated parts, that of the control system and the 
process have been combined to form an integral part such that the complete 
steam generator can be simulated as will be described throughout the paper. 
As has been mentioned earlier most of the simulations that had been done 
have treated the equations in a linearized form. 
The uniqueness of this presentation is that the equations themselves are 
not linearized but are treated and solved as much as possible in their non-
linearized forms. In particular, throughout the simulation the values of the 
state properties of the water or steam, that is the working fluid, are computed 
at each time interval and the assumptions are not made as is often made that 
the properties themselves do not change. This then does not restr ict the opera-
tion to a specific operating point in the sense that if variations occur there are 
provisions in the simulation to make new computations for the steam properties. 
This is a very important feature in the supercritcial plant due to the fact that 
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Fig. 1.4 Initial condition temperature, pressure, and enthalpy profile 
critical region where the properties of the working fluid change rather 
drastically with rather small variations in independent variables. 
Since this simulation considers both the process and the control system in 
such detail as will be described in future sections the simulation is unique. , In 
addition, during the plant testing, a large number of variables were recorded 
and plotted which will be useful for further studies. 
The basic purpose of the research has been to create a simulation package 
that will be useable for performance studies on the supercritical unit and for 
other studies. It is desired to present the simulation in a manner that is 
sufficiently documented such that the reader can follow each step in the simula-
tion and make modifications or additions where the reader might so desire. 
CHAPTER 2 
THE FUNDAMENTAL EQUATIONS USED IN THE PROCESS 
In the introduction, general comments were made regaining the entire 
simulation and its relative complexity. The purpose of this chapter is to take 
the general statements and equations and translate them into forms that are 
suitable for the subsequent digital simulation. 
As will be seen in detail later, the simulation is divided into two distinct 
areas. They are the simulated control system and the simulated process. 
The equations that are used in the control system simulation are based on an 
analysis of the existing control system in the simulated plant and are described 
in detail in Chapter 7. Hence this chapter is devoted to an investigation' of the 
equations that are used in the process simulation. 
The basic equations that must be considered for the process simulations 
are the following: 
A. Mass balance 
B. Energy balance 
C. Momentum 
D. Heat transfer 
E. Equations of state of the working substance 
The mass balance equation is essentially the continuity equation. For a 
general compressible fluid, the vector form of the continuity equation is 
^ • + v : ( p y ) = 0 (2.1) 
where p = density (773) 
t = time (sec) 
V = velocity ( — ) 
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The mass flow rate of fluid at any point in a tube may be expressed as 
W = p V A ^ (2.2) 
where A = cross section of tube (ft2) 
This relation may be observed with the following illustration. Think of a cube 
of fluid with density p, moving with a velocity V through an area A. 
v - t o -̂ ) 
>k dl *\ 
Observer 
Then the mass (p A) dl moves past a point in dt seconds so that the "mass 
flow ra te" W is , 
Ttr A d l . , T l b 
w = PA37 = PAV 
dt sec 
Now consider the mass flow rate as W. at the inlet of the elementary 
volume described above, and W at the outlet. Then W. -W is the total mass 
o 1 o 
change per unit time. 
Since the mass is given by, 
™ = JUpdv (lb) (2.3) 
3 
where v = volume (ft ) 
the rate of change (increase) of mass is, 
fuMjP-
15 
Now considering the area of the tubes fixed, the volume is AL and 
f = £JLApdl ,2.5, 
a t at-
Now assuming that within the elemental volume the spatial variation in 





I o dt sec 
(2.6) 
(2.7) 
The energy balance equation stems from the first law of thermodynamics, 
which in turn is derived from the law of conservation of energy. Firs t , look at 
the application of the energy balance equation to an open system, under a 




© THERMODYNAMIC SYSTEM 
-»- + W, 
K 






/ / / / / / / / / / / / / / 
Energy Reference 
Fig. 2 .1 Open thermodynamic system 
16 























Heat added to system Q' ft lb/lb 
where V = velocity 
v = specific volume 
These various energies may be put together into the energy balance 
equation (2. 8) whereby the energy in all forms entering a system must equal 
the energy in all forms leaving the system. 
Note that (# of ft-lb) = (# of btu) 778 
V2 P ,v , Z, WTr 
2g778 778 1 778 778 ^ 
V P v Z 
2 2 2 2 
+ + u + (2.8) 
2g778 778 2 778 K ' 
By defining enthalpy as being equal to the sum of the flow work and 
Pv btu b tu . .. ,_ „, , 
intrinsic energy of the fluid (h = rrr- "TjT + u l b " ) > equation (2, 8) becomes 
2 2 
V Z W V z 
* ™ + V ™ + 7 # + Q ' =2l77-8+h2 + 7 l b t a / l b <2'9> 
When the system energy is considered under dynamic conditions, another 
form of the energy equation (first law of thermodynamics) should be used. 
For the boiler sections, the internal energy corresponding to thermal 
energy is of much larger magnitude than the kinetic and potential energy terms. 
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Hence, for this simulation the kinetic and potential terms are neglected. The 
shaft work is also zero in the boiler sections so that the only terms affecting 
the energy balance are the heat flux and internal energy terms. The mass 
lb 
flow rate, as defined earl ier , is W . When this is multiplied by the 
S6C 
enthalpy an equivalent power equation results. That i s , the energy equation 
becomes a power equation, where power in this case has units, btu/sec. 
W.h . -W h Q1 W 
3L< h ) , - 1 * ° ° + ^ ^ — 3 - (2.10) 
at ya.ve ave v v sec-ft° v ' 
where the heat flux to the volume from the combustion gas is 
Q' W = Q ^ 
ave sec 
The average heat flux density change, with respect to time, is given by 
equation (2.10). The average values indicated in equation (2.10) are spatial 
averages. 
— { h ) = ave d°ave 
at pave ave pave at at ave 
Now assuming that the change in density with respect to time is negligible, that 
<«•!£ = 
at 
Hence equation (2.10) may be rewritten 
v < 
p a v e d h a v e l = W. h . - W h + Q btu m , , . 
-dt~f 1 1 ° ° ^ <MD 
but vp = mass = m (lb), hence 
ave * ' 
m d h a v e = W.h.-W h + Q ( ^ ) (2.12) 
— T T i i o o ' s ec x ' 
dt 
dm 
Now if the assumption is made that ——= 0, that is the mass change of the fluid 














One final assumption needs to be made. That the time rate of change of the 
output enthalpy is equal to the time rate of change of the average enthalpy in 
the elemental volume. Then 
m d h 
-r*«-fW= <2-14> 
Equation (2.14) is used in the subsequent simulation of the boiler. 
The heat storage capability of the tube wall must be considered and is 
also an energy balance equation. Li this relation, the net gain in heat flux 
contributes to a changing wall temperature. The equation below gives the 
relation. 
d T 
ni C w Q -Q ,btu , .„ ,,_. 
w P w - ^ - ^ w « ( — ) (2.15) 
where m = weight of the metal tubes, (lb) 
w 
C = specific heat of metal zrn^ 
pw lb F 
T = wall temperature of the tube 
w 
Q = heat flux into the walls, 
w sec 
Q = heat flux from tube walls to fluid 
sec 
The momentum equation stems from the pressure distribution across the 
system and it is this momentum which assures the flow of fluid in the circuit. 
In the simulation it was assumed that the elevation term and the acceleration 
term of the pressure drop equation were negligible compared to the friction 
term. 
The momentum equation is given as (see reference 1) 
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p „ p .fLTTDW
2 ^ L L + 1 — d s s m ( 2 . 1 6 ) 
1 0 H5 2 g o pA
3 So^ 80d44)A dt ^
1 6 ) 
pressure friction elevation acceleration 
difference term term term 
Hence 
P . - P =K W2 (psia) (2.17) 
1 0 p x 
Equation (2.17) is used in the simulation. 
The heat transfer from the gas to the metal is composed of a radiation and 
a convection term and is given by the following equation 
Q = « A ( T 4 - T 4 ) + U A ( T - T J (2.18) 
w g w ' g x g w 
[btu 
where U_ = convection film conductance, 
' f t " - s e c ° F | S ' U . 2 _ 0 . 
The method of computing the heat flux from the combustion gas to the metal is 
given in Chapter 5. This value of Q is then utilized in the process solution in 
equation (2. 15) 
The heat transfer equation representing the heat flow by conduction from 
the metal tube wall to the working fluid is 
Q = U f A ( T -T) (2.19) 
where 
0 . 0 2 3 C 0 - 4 K 0 - V ° - 8 r l O . 8 
TT = Pw b J W 
f j 0.2 0 . 4 m 0.8 S . 
d i * Tf I 
T = wall temperature 
T = fluid temperature 
For the simulation the convection film conductance term is taken as a 
constant except for the fluid flow. With the assumption that the output fluid 
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temperature of the lump, T , is the average fluid temperature as in equation 
(2.14), the equation becomes 
Q = K W°'8(T -T ) (2.20) 
q w o' * ' 
The state equations are used in the form T = f (p,h). These equations 
describe the properties of the working fluid and are essentially a model of the 
steam tables. The detail of the method by which they were simulated is given 
in Chapter 4. An important feature of this simulation is the fact that the prop-
erties of the working fluid are obtained by recalculation at each time increment 
of the integration. 
This gives five equations that must be solved simultaneously for each 
lump. Two of the equations are first order differential equations and two of 
the equations are nonlinear algebraic equations. The last equation represents 
the properties of steam, and is highly nonlinear. 
CHAPTER 3 
DESCRIPTION OF THE PROCESS 
3.1 ECONOMIZER, FURNACE, SUPERHEATER, 
STEAM LEADS, REHEATER, AIR HEATER 
The boiler, or as it is sometimes called in this simulation, the steam 
generator, is the device from which the thermal energy is taken from the 
burned fuel, in this case natural gas, and then transferred into the water which 
is circulating in the primary cycle of the plant. Within the boiler the pressur-
ized water is converted into steam before i t passes on to the superheater. 
This is probably the most significant portion of the entire generator. 
Figure 3 . 1 , below, illustrates the basic fundamentals in getting energy 
from the fuel to the furnace passes, convective heating surfaces and into the 
water. The feedwater enters the steam generator in the primary plant cycle 
while the fuel enters the combustion area of the furnace and is burned. There 
is appropriate control of the unit to permit satisfactory output of the steam and 
still maintain adequate plant operation. Heat is transferred into the various 
heat absorbing surfaces to the working fluid and finally the steam leaves the 
steam generator to be used in the turbine to convert the energy available into 
power. 
The design of the steam generator is based on economic and the 
thermodynamic principles. During the past decades in which the development 
of the steam generator has been carried out there have been many improve-
ments to increase the efficiencies of these particular units. The units may be 
classified basically into three different categories. The first category being 
shell type boiler, the second being fire tube type boiler and the third being a 
water tube type boiler. Each of these individual categories can then be sub-
divided into classes which would distinquish themselves as being particular 
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Fig. 3. 1 Basic boiler 
The shell type boiler basically is one in which water is heated much as it 
is on the stove in, a teakettle in which a kettle of water, a closed shell, is 
heated. The steam then arises out of the top of the shell and is carried off 
through the steam outlet valve to drive a turbine. This is one of the earlier 
designs, of course, 
The fire tube boiler is one in which the fire actually goes through the 
tubes with the water being on the outside .of the tubes. 
The more modern boilei? is now considered to be the water tube type 
boiler in which the working fluid, water in this case, passes through the boiler 
tubes and the hot combustion gases pass over the outside of the tubes. The 
water tube type boilers can be subclassified into straight tube boilers and fur-
ther into those with dirums or without drums. The use of the water tube boiler 
has allowed greater efficiency in the units. Reportedly as high as 90% boiler 
efficiencies have been obtained with this particular type of unit. The boiler 
efficiency at the simulated plant is estimated to be about 85%. 
As has been mentioned in an earlier section, the plant which is being 
simulated is the once-through supercritical boiler and it has no drum. In 
recent years the furnaces have been integrated to include a unitized concept 
where the boiler, the superheater, the furnace and the economizer are treated 
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as one complete unit rather than considering the furnace and other units aa 
individual pieces. In addition, it is now standard with the large size units, 
such as a simulated plant, to have one boiler for one turbine combination. 
This is due to the very large economic incentive to have very large electrical 
generators based on the fact that investment in labor costs and in operation is 
much decreased when the size of the units is increased. 
Generally speaking the larger units have a relatively high steam pressure 
and temperature and use feedwater heating and reheaters. All of these con-, 
cepts are used on a simulated plant and are described in the present section. 
The high steam pressure means that there is a high saturation tempera-
ture of the water and this gives r ise to. the relatively low temperature differ-
ence between the boiling point and the steam utilized in the turbine. A 
practical limit is placed on the materials which limits the maximum tempera-
ture which the steam can have when it enters the turbine and when it is in the 
superheater tubes before it gets to the turbine. Basically this smaller 
temperature difference is caused by the need, for the higher temperature in 
which to get the water boiling when the water is under the higher pressure. 
Thus, the.high steam temperature required gives design impetus to a high 
initial temperature in the unit and then also means that the steam must be 
reheated to a relatively high temperature again when the steam is used again 
in the intermediate and the low pressure turbines. 
The feedwater heating, which is obtained by the extraction of steam from 
the intermediate, law pressure, and high pressure turbine gives r ise to an 
increase in the combustion gas temperature which leaves the economizer. 
This is because the economizer follows the feedwater heaters in the working 
fluid cycle and must be designed for proper heat transfer from the combustion 
gas to the working fluid. Due to the fact that this increased combustion gas 
temperature leaving the economizer would give r ise to an uneconomical opera-
tion , air heaters are then used which lower the final combustion gas tempera-
ture before the gases leave the stack into the atmosphere. In addition to this 
the air heater has the adyantage that it also increases the temperatures of the 
24 
hot atmospheric air that is used for combustion. Hence, when all of these 
different considerations are taken into account the overall efficency can be 
increased, even though some parts of the plant efficiency are reduced. 
It is then seen that as the steam pressures are increased, as is the case 
with this supercritical unit which is being simulated, the steam temperatures 
must also be increased, and then this gives r ise also to a proportionally 
greater amount of superheating surface and less amount of boiler surface than 
may have been used in previous style units. 
As mentioned earlier in the discussion the principle of operation of the 
once-through supercritical boiler such as is used in the simulated plant is 
based on the Benson principle. In this case the working fluid is passed 
through the unit one time and is recirculated. It passes in sequence from the 
economizer to the furnace and the superheater, to the turbines, the reheater, 
the low pressure turbine sections, condenser and then the reheaters, boiler 
feed pump and then the high pressure feedwater heaters. See Figure 1. 2. In 
this process, the working fluid, compressed water in this case, absorbs the 
heat in the various furnace sections through radiant heating and in the other 
passes through convectipn heating principles. As it absorbs this heat, the 
fluid is turned into steam and then it leaves the various sections reasonably 
near the desired steam temperature so as to not adversely affect the materials 
of which the unit is built. 
There is no specific internal recirculation as is the case with the drum 
type boiler and as a matter of fact this is the reason then that a drum is not 
required to separate* the water from the steam. Because the unit is operating 
at supercritical pressure (that i s , above 3206. 2 psia) the water forms a mix-
ture with the steam and in the transition period it is not clear how the boiling 
process takes place. The water s imply makes the t rans i t ion from liquid 
form into the vapor form (steam). The actual cycle through which the fluid 
passes will be described in some detail in a later section and hence will not be 
described at this time. 
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l'or the best efficiency in a steam generator, it would be desirable to use 
the highest available temperature of the source that is available. In the steam 
generator itself, the transfer of heat takes away from the available energy 
that is released in the furnace. The combustion process takes place at 
' approximately 2800°F; however, the heat that is transferred to the water takes 
place at a temperature less than 705°F and in terms of a vapor the heat t rans-
fer will take place at temperatures less than 1100°F. Since there are limits, 
as mentioned earl ier , on the steel that is used to hold the water and have the 
water circulate through the unit, temperatures that are in excess of 1100°F 
axe prohibited for all practicality. Hence, there is a large loss in the avail-
able energy that can actually be utilized and therefore the efficiency of the 
units is cut down somewhat from what it might be under an entirely theoretical 
standpoint. 
Figure 3.2, below, illustrates the basic principles of .one'of the two most, 
common types of steam boilers. That is of the steam drum with natural 
circulation. Viewing Figure 3. 2 it is seen that the water goes down through an 
unheated downcomer and then out into the furnace, possibly being parts of the 
furnace wall which niay be used for water cooling of the metal exposed to the 
radiative heating ot the flame. Heat transfer takes place in the heated r iser in 
which the steam bubbles are formed and are mixed with the water where they 
r ise into the steam drum and are allowed to escape to the top of the drum which 
is then a steam mixture. The steam then is allowed to escape from the steam 
outlet after appropriate measures are taken to reduce any water content in the 
steam to a low enough level such" that the rest of the steam generator is not 
adversely affected. For an example, if there is a too high moisture content in 
the steam, the turbine blades might become pitted, or the superheater sections 
might become exces$ively corroded due to dissolved salts that are in the water 
droplets which are in1 the steam and provide operational difficulties in terms of 















Fig. 3. 2 Drum type of steam generator 
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Fig. 3. 3- Once through type of steam generator 
The natural circulation principle, shown in Figure 3.2 has been used in 
boilers which utilize pressure up to about 2,600 psia, and the velocity of the 
water is generally Considered high enough to give effective heat transfer with-
out burning the tubes. 
Figure 3. 3 illustrates the once-through type of steam generator which is 
the type used hi the simulated plant. In Figure'3.3 it is seen that the heated 
feedwater from the feedwater pump passes directly through the economizer and 
through the furnace of the boiler where radiant heat is transferred to the fluid. 
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The working fluid then passes through the convectively heated surfaces of the 
furnace and superheaters, then leaves without any recirculation as super-
heated steam which is then admitted into the turbine. In this type unit there is 
a forced circulation rather than a natural circulation and the forced circulation 
is .thereby controlled so that the tube temperatures are maintained at values 
which are bolow their thermal limits. 
Since the simulated plant is of the integrated type; that is, the complete 
design is integrated into one particular unit, the following items in the plant 
are going to be considered together: the boiler (steam generator), the econo-
mizer, the superheater, the steam leads and the reheater. 
The combustion gases which leave the boiler convection heating surfaces, 
the finishing and primary superheating surfaces, still have a relatively high 
temperature which is considerably higher than the steam saturation tempera-
ture. In order to make the unit econbmical some of this energy must be 
recovered and, in this type of unit, it is economical to recover this heat by the 
use of the economizer. In the case of the economizer, the gases pass over the 
tube surfaces in exactly the same manner as they did over the other surfaces 
and, hence, it is still considered to be a water tube type of heat recovery area. 
The boiler feedwater, which has just come out of the high pressure feedwater 
heater, passes into this economizer which is placed in this unit in the rear 
part of the furnace. See Figure 1.3. The feedwater then picks up the heat by 
virtue of convection heat transfer before it passes into the boiler itself. 
The feedwater temperature entering the economizer in this unit is 
approximately 500°F, which is above the dew point of the boiler combustion 
gases. If the combustion gas was allowed to condense it would cause corrosion 
of the tubes. 
There are two basic types of superheaters available. One is the convection 
superheater and the other is the radiant superheater. In the simulated plant, a 
combination of both is being-used. In the original designs of .steam generators 
the use of the superheater was desired in order to increase the final steam 
temperature before entry into the turbine. The convection type unit was used 
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because the furnace gas temperatures, where the superheaters were placed, 
were relatively low. With this type unit which used only convection super-
heating, it was found that as the steam output increased, more water was 
flowing through the boiler part of the furnace and hence there is less heat pick 
up in the furnace walls themselves by the radiant heat transfer and, therefore, 
there was more heat left over* in the combustion gases to be transferred to the 
superheated steam. Hence, when the boiler output increased, the steam temp-
erature increased due to the increased heat which was given to the superheater. 
To alleviate this problem, the radiation and convection superheater In 
current designs are placed in ser ies . The result is a fairly uniform final 
steam temperature, such that the steam which enters the turbine enters at a 
fairly uniform temperature at varying loads simply by virtue of the amount of 
heating surface in the superheater which is alloted to the radiant and to the 
convection heating surfaces. This is illustrated in Figure 3.4. One of the 
major advantages of using superheating is to reduce the amount of moisture 
content in the steam as it enters the turbine and this not only decreases the 
errosion effect of the water in the steam, but it also increases the engine 
efficiency of the turbine. 
fa Radiant -convect ion superhea te r combinat ion 
0 .5 
Steam output (p. u . ) 
F i g . 3 . 4 Combination radiant and convection 
superhea te r effects 
The purpose o | the reheater is to take the steam which is exhaused from 
the high pressure turbine and to increase i ts heat content, by virtue of essen-
tially a superheating effdct, back up to an elevated temperature In order to 
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allow it to pass properly through the intermediate and low pressure turbine 
stages of the unit. The simulated plant has one stage of reheat and the purpose 
of the reheater is exactly the same as the superheater which is ahead of the 
high pressure turbine. The reheater is located in the rear of the furnace (see 
FJgure 1. 3) and combustion gas passes over the reheating surface with the 
steam passing through the tubes and the heat transferred to it. . 
In addition to the elements of the boiler which have been mentioned thus 
far there is an air heater which takes the last amount of heat from the combus-
tion gases before they are exhausted to the atmosphere. The fresh air is 
preheated before it is allowed into the combustion area where the fuel is 
burned with the air. In the simulation, the air heater is not considered; howr 
ever, it seems appropriate to include a brief description of the air heater at 
this point. The type of air heater which is used in the simulated unit is a 
Ljungstrom continuous regenerative type preheater. It was developed in 
Sweden, in the early 1920's. 
The air heater consists of a large housing divided into two outer 
compartments and one middle compartment in which the heating surface is 
contained in a slowly moving rotor. The outside compartments are divided by 
partitions which confine the hot gas to one side of the apparatus while the air, 
heated is on the other side. For each revolution of the rotor there is a 
complete cycle exchange in which the heat from the hot gas is absorbed by the 
regenerator method of heating surface and the heat is then given up as the 
rotor moves into the path of the air which is to be heated. This is illustrated 
schematically in Figure 3. 5 below. The top picture of Figure 3. 6 shows the 
side view of' the air heater while the bottom picture shows the air heater under 
construction. 
The steam leads are considered in this simulation since the plant is opera-
ting at the very high pressures of steam (ab6ve 3500 psia) and consequently 
contains a large mass of metal. Since the leads are so long and massive there 
is a definite change in the enthalpy as it leaves the superheater, before it gets 
to the turbines. This is then considered in the steam leads the same way as it 
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Fig. 3. 5 Ljungstrom ai r heater 
is considered In the other lumps, except in this case the heat transfer is out of 
this lump instead of into the lump. The water treatment facility is shown in 
Figure 3.7. the steam leads are shown in Figure 3.8. 
The combuation gases are moved with a forced draft fan. There are two 
fans which are controlled by the conllfcol system, however a constant fuel.to.air 
ratio has been assumed, as mentioned before, and although this aspectwill.be 
considered, it will not be an operating part of the computer program. 
The condenser of the simulated plant is not being included in the 
simulation. The condenser takes the Steam ftom the low pressure turbine and, 
simply condenses It to water by virtue of passing cooling water from the 
nearby river into and through the tubes 'and by passing the steam Over the out" 
side of the tubes where the steam then is condensed into water and the water is. 
then passed into the condensate pump and is recirculated through the system 
again. It should be noted that there is a complete division between the cooling 
water of the, condenser and the working fluid which is being cooled. 
In the following section some of the plant constants that are useful in the 
simulation are discussed, computed, and tabulated. The dimensions of the 
various parts of the plant such as the tube sizes, (outside diameters, inside 
diameters, lengths) and the computation of the corresponding,volumes are 
computed.. The volumes are computed for the economize*, the furnace 
passes 1, 2, 3, 4, S, 6, 7, the primary superheater, the finishing superheater,. 
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and the reheater. The interior volume is also computed for the steam leads, 
which is lump 11. 
The volumes are required in the simulation in order to consider the mass 
chango, or the density change of the working fluid so that this aspect could be 
included in the simulation. Two checks were given on this computation of the 
volume. One was obtained from the boiler manufacturer where the volumes 
were computed approximately by them; the other was taken from the construc-
tion diagrams in which the dimensions of the various tubes were given. A 
summary of the dimensions is'given in Table 3.1. 
The final column of Table 3.1 gives the equivalent tube volumes in cubic 
feet. The computation of the volume for the steam leads was obtained from the 
main steam piping diagram and was computed in the same way as the other 
volumes. 
For an example of the computation involved for a typical lump consider 
the primary superheater, lump 9. The tube length is 140 feet; there are 513 
tubes in parallel with an average outside diameter of 2.25 inches and a wall 
thickness of 0.4 inch. 
R ^ - w . t . 2 
where R = radiud in (inches) 
OD = Outside diameter of tubes (inches) 
w. t. = Wall thidkness of tubes (inches) 
0 9(-t 2 
For this case, R = -ir— - 0.4 = 0. 725 in. The area of a tube fn ft. is given 
2 
by A = ™ (ft2). For this case A = ~ (0.725)2 = 0. 01142 ft.2. The volume 
of the tubes is then 
V .= Al = (0. 01142) (140) ft. 3 = 1. 605 ft. 3 . 
3 
For 513 parallel tubes this gives an equivalent tube volume of 823. ft. . 
The dimensions Of the steam leads are given in Table 3.2. These 
dimensions were then used to compute the volume for Table 3.1. Table 3. 3 
gives the mass of the working fluid in the steam generator that is used in the 
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TABLE 3.1 
DIMENSIONS OF THE WATER AND STEAM TUBES 
D e s c r i p t i o n 
E c o n o m i z e r 







P r i m a r y 
S u p e r h e a t e r 
F i n i s h 
S u p e r h e a t e r 
S t e a m 
L e a d s 
R e h e a t e r 
L u m p 













T u b e 
L e n g t h 














V a r i a b l e 3 
T u b e 




0 . 0 0 3 8 6 
0 . 0 0 3 8 6 
0 . 0 0 3 8 6 
0 . 0 0 3 8 6 
0 . 0 0 3 8 6 
V a r i a b l e 




0 . 0 0 6 9 2 
V a r i a b l e 
N u m b e r 
of 














E q u i v . 
A r e a 
(ft2) 
3.12 





3 . 8 8 
2 . 5 4 
5 .1 
5 . 8 6 
5 . 2 5 
2 . 3 2 
T u b e 
E q u i v . 
V o l u m e 
(ft3) 
1170 





8 4 2 . 2 





'•Six p a r a l l e l paths 
aSee table 2 
3Value obtained f rom Manufacturer 
simulation. The volumes of the various lumps that are given correspond to the 
manufacturer's data, and are comparable to the previously computed volumes 
as shown in Table 3 . 1 . 
TABLE 3.2 































The values bf the specific volume for the corresponding temperatures and 
pressures are obtained from the ASME Steam Tables. The values of the work-
ing fluid mass that are computed are then used in the subsequent simulation to 
aid in the determination of the dynamic response of the system. In addition to 
the mass of the working fluid that is required for the simulation, other design 
data that is also needed is that of the metal weights of the various lumps that 
are being considered. These metal weights are also included in Table 3. 3. 
The values that are obtained for the metal weights are given by the manufac-
turing data or they could be obtained by computation of the masses of metals 
involved in the tubes as outlined in Table 3.1 provided that the density of the 
metal' was known. 
The mass of the working fluid is given hi column 7 of Table 3. 3 and the 
metal weights are given in column 8 of Table 3. 3. In terms of the computer 
simulation the mass of the working fluid is labeled M and the metal weight is 
labeled MW. The specific heat of the metal is required for the simulation and 
it is approximately , 169 ,and is assumed to be . 169 for all lumps, although it 
TABLE 3. 3 





























































































































is realized that this number is variable and dependent upon the type of 
material used. As the pressure and temperatures change in the boiler itself, 
the designers choice of material would change and hence the specific heat of 
the metal would change but not considerably from this value. If the exact 
value of the specific heats were known then they could be substituted for this 
value of specific heat for the various lumps. The computer label for specific 
heat of metal is given as CPW. 
In initializing the process variables it is seen in the computer program 
that there is a computer variable entitled MWCPW(I) = MW(I) * CPW(I) which 
groups the product of the mass of the metal, which has been illustrated in 
Table 3.3,and the specific heat of the metal, which is given as . 169. 
Also, in this same computer DO loop is the computation of the pressure 
constant and the heat flux constant. These two constants need to be computed 
from the equations which are described in an earlier section. The pressure 
drop may be cdmputed for the various sections with the use of the pressure 
constant. The heat flux constant is used in the equation for determining the 
heat flux that enters into the working fluid. The pressure constant, KP, is 
used since the difference in the pressure between input and output of a particu-
lar lump is proportional to the flow rate squared. The. value of the pressure 
constant is taken as the ratio of the difference of the pressures divided by 
flow squared. The value of the KP(I) is computed for the conditions in which 
the unit is operating at full load, or 560 megawatts, where the corresponding 
flow is given as 1,105 lb/sec. of steam or water flow. These constants are 
used for all operating conditions but could be adjusted if it were desired to 
consider different conditions. It is therefore assumed that the resistance due 
to the flow does not depend on the amount of load, but is independent of the flow. 
In a similar fashion, the heat flux constant KQ(I), as it is used in the 
computer program, is also computed based* on the full load, steady state 
values. The value Of the heat flux into the fluid is proportional to this constant 
times the difference in the wall temperature and the lump output temperature 
times the flow rate to the . 8 power. Hence, the value of this constant KQ (I) 
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can then bo computed by considering the steady state conditions of the heat 
flux, flow, and temperature difference at a particular lump under a balanced 
condition. The value of KQ(I) is obtained from the equation below. 
* y W (llOoO'J-S^T 
where QW(1,I) = heat flux into lump I ( /sec) 
1105 = flow of fluid (lb/sec) 
£T = temperature difference across.wall (°F) 
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3. 2 BOILER FEED PUMP 
The boiler feed pump is the device which pumps the working fluid and, in 
this case, increases its pressure to a rather high pressure, a supercritical 
pressure, of 4300 psia at the output of the pump which forces the fluid to circu-
late throughout the complete once-through cycle. The boiler feed pumps are 
centrifugal pumps with a rating of 13,970 hp each. The boiler feed pump is 
driven by the boiler feed pump turbine which is a steam turbine that is fed 
from the 12th stage of the intermediate pressure turbine. The losses in the 
pump are not being considered in this simulation. The turbine which drives the 
boiler feed pump is not in line with the main turbine which drives the genera-
tors , but is a separate unit. 
The position of the boiler feed pump in the complete cycle is indicated in 
the Figure 1.2. The boiler feed pump is a very important part of the operation 
of the system in the sense that the boiler feed pump is used to control the 
amount of feedwater flow that is allowed through the complete cycle. As will be 
seen in the control section, the boiler feed pump speed is controlled by virtue 
of controlling the speed on the turbine which drives the boiler feed pump and as 
the speed of the pump is controlled by the actions of the control system, the 
output flow of the boiler feed pump is allowed to vary. The output flow will be 
seen later to vary as a function, not only of the speed of the boiler feed pump, 
but also of the output p r e s s u r e of the boi ler feed pump a s well a s the 
suction pressure of the boiler feed pump. The suction pressure of the boiler 
feed pump is considered to be a constant value and this will be explained as the 
simulation of the boiler feed pump unfolds. 
The boiler feed pump is one of the major power users of the aux i l i a r i e s in 
the plant itself and the amount will depend on the pressure output that is 
desired. As an example a 2,400 psia feed pump uses approximately 2. 5% 
of the gross plant output and one that operates at about 5,500 psia requires up 
to about 6% of the plant output. Since the operating pressure of the boiler feed 
pumps in this simulated plant are of the order of 4,300 psia, it would be es t i -
mated that the power requirement is around 5% of the rated plant output. 
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For supercritical plants the speeds of the boiler feed pump are relatively 
high and in this case a full load speed of 5,300 rpm is used. This particular 
plant utilizes two, half capacity boiler feed pumps and both are operated for 
loads from approximately 30 to 100% and then the amount of flow in each is 
varied according to the feedwater flow that is demanded of the unit in order to 
supply the required steam output. 
Two pictures of one of the turbine driven boiler feed pumps are shown in 
Figure 3. 9. 
The general energy equation may be written as 
2 2 
V P V W V P v Z 
11 1 1 Z K rx 2 , 2 2 2 + +u + + + 0 = H + u + (3. ) 
2g778 778 1 T " 778 ^ 2g778 778 2 778 v ' 
The change in elevation head, Z - Z = A Z = 0. The change in the velocity 
J. Ci 
of the fluid from the inlet to the pump to the outlet of the pump is zero. 
v 2 v 2 
- L _ _ _ 2 _ _ = 0 
2g778 2g778 
The heat transferred to the atmosphere or from the atmosphere to the 
pump is zero. 
Q =0 
The compressed water is considered to have negligible change in density or 
specific volume in the pump (that i s , it is treated as an incompressible fluid) 
v = v . Also, the internal energy, u, which is the energy associated with the 
kinetic energy of the molecules and the forces between them, is generally 
assumed to be constant in an incompressible fluid pump] 
Hence equation (3.1) becomes 
778 778 778 
W,„ = M K - r v ' i r ^ (8,2) 
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Fig . 3. 9 Turbine dr iven boi ler feed pump 
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In this case P is the boiler feedpump discharge pressure and P is the 
Lt J . 
pressure of the inlet, and the total work input to the fluid represents the static 
head, in ft, that the pump produces. 
In this simulation, the primary dependent variable is considered to be the 
feedwater flow and the primary independent variables that are considered are 
the boiler feed pump speed, output pressure, and a megawatt demand signal 
converted to feedwater demand. There were two sources from which the infor-
mation for this simulation was obtained. The first and primary source is the 
operating characteristics of the boiler feed pump itself which is comprised of 
the system head curves. The system head curves give a relation between d i s -
charge pressure of the boiler feed pump in psia versus the boiler feed pump 
flow in thousands of pounds per hour and a third dimension which is the speed of 
the boiler feed pumps. As mentioned before there are two boiler feed pumps 
and, for the loads which are being considered, both pumps are considered to be 
in operation. However, the lowest flow that could be obtained on the system 
head curves with two pumps operating corresponded to 2, 900,000 pounds per 
hour, which is approximately 74% of rated output. Now, in actuality, both 
pumps are being operated in the simulated plant down to approximately 40% of 
rated power and rated flow output. For this reason, the speed characteristics 
had to be extrapolated down and are indicated in Table 3.4, which indicates the 
cardinal points of the boiler feed pump characteristics. 
The second source of information for the simulation of the boiler feed pump 
was the actual test run which was made at the simulated plant (this is test run 
#9) which was a ramp change in load from 500 megawatts to 250 megawatts. 
This test will be described in a later section in detail. 
The information which was required from this particular test for the boiler 
feed pump simulation was the relationship between the feedwater flow and the 
power output in megawatts. A plot of this data is made in Figure 3.10 below. 
From the curve, it is seen that there exists a linear relationship relating the 
feedwater flow and megawatt output. The computer labels on that curve are 
FWRE for feedwater flow and POWER for megawatts. The equation below 
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TABLE 3. 4 
CARDINAL POINTS OF BOILER FEED PUMP VARIABLES 
Discharge P r e s s u r e 
(P sia) 


















Feedwate r Flow 










100 200 300 400 
Generator Power (MW) 
Fig. 3.10 Feedwater flow - MW 
500 560 600 
44 
which relates these variables is 
FWRE = 8. 3 x POWER - 660 (3. 3) 
As mentioned earlier, the system head curves of the boiler feed pump 
which are obtained from manufacturing data included the three different var i -
ables, but it was not a useable curve that could be used in equation form; 
hence, an equation, or some other relationship had to be found which would 
enable the computation of the discharge pressure of the boiler feed pump for 
functions of the other two variables; in particular, the equivalent speed of the 
boiler feed pump in rpm and the boiler feed pump flow in thousands of pounds 
per hour. Note that it is the equivalent boiler feed pump speed that, is consid-
ered since the two boiler feed pumps are considered to be actually one equiva-
lent boiler feed pump in the simulation. 
In the preliminary studies for the simulation, there were three different 
techniques which were used to represent the boiler feed pump characteristic 
curves. The three are specifically: (1) linear approximation which consisted 
of straight line segments connected between the cardinal points of the three 
variables in three space, (2) a least square approximation fit to the points 
using a parabola, (3) a multiple Lagrangian interpolation relationship. 
The method which worked first, and which gave satisfactory results, was 
the linearized method in which the boiler feed pump characteristic curve was 
broken into six straight line segments over the operating range and the equation 
for a straight line was written for the individual regions between the cardinal 
points. Then for the values of the independent variables the particular straight 
line segment was obtained by the appropriate logic in the computer program and 
an equation of the line was then used to obtain the proper value of the feed -
water flow. The multiple Lagrangian interpolation technique is included in 
Appendix A for the information of the reader. It could be easilyconnected into 
the computer program of the simulated plant by simply removing the portion of 
the boiler feed pump simulation that is presently in the program and inserting 
the Lagrangian interpolation program into this particular section. 
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Figure 3.11 illustrates the straight line segments which are used in the 
simulation for the boiler feed pump characteristic curve. 
RPM2 



























Fig. 3.11 Boiler feed pump system head curve 
This figure shows a plot of the feedwater flow, FWRE versus PBFP, 
pressure output of the boiler feed pump which is equivalent to PO(l,15), with 
the third variable indicated on the graph being the speed of the equivalent 
boiler feed pump. 
Consider the last straight line segment of the linearized boiler feed pump 
system head curve. The following computer variables are defined in the sec-
tion following computer statement number 452 in block 9 of the computer pro-
gram. (See the computer program listing in Table B-l.) 
A = RPM2-RPM1 = 5300-5200 = 100 rpm 
B = FWRE2-FWRE1 = 3980-3780 = 200 Klb/hr 
C = PBFP2-PBFP1 = 4280-4215 = 65 psia 
The equation of a straight line in space in rectangular' (Cartesian) 
coordinates in the two point form is given by , 8 5 
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X-Xx Y-Y z-z. 
X 2" X 1 Y 2" Y 1 Z 2 - Z l 
(3.4) 
Now let X = RPM 
Y = FWRE 
Z = PBFP 
Then A = X -X 
Ct J-
B = Y 2 - Y 1 
C = Z 2 - Z 1 
Equation (3.4) becomes 
X-X Y-Y Z-Z 
A ~ B ~ C 
Solving the first and second terms for Y, 
speed of the equivalent boiler feed pump (rpm) 
feedwater flow (K-lb/hr) 
bbiler feed pump outlet pressure (psia) 
(3.5) 
Y = X ( X - X l ) + Y l 
Solving the second and third terms for Y, 
Y = ^ ( Z - Z l ) + Y l 
Adding equations (3. 6) and (3. 7) gives, 
2 Y = | ( X - X 1 ) - » | ( Z - Z 1 ) + 2Y1 




Substituting the computer variables yields, equation (3.10) which is used 
subsequently in the computer programs. 
(3.9) 
FWRE - FWRE1 _ | ^ + ^ + | ( R | M + ^ (3.10) 
Continuing with the example case, equation (3.10)becomes 
™ m T , o,ron 200 /5200 4215\ 200 /RPM PBFP\ FWRE = 3780--—- —7T-+-TT- + ^ ^ T7T- + -
( ' 2 \100 65 / 2 \100 65 V 
FWRE = 3780- (5200 + 4215 ^ | p ) + (RPM + PBFP ^ p ) (3-H) 
Now from Figure 3.11 it is seen that FWRE1 = SP1, that i s , the lower 
point of the 2 points in the line segment is called "set point 1", SP1 = 3780. 
The distance, X, above SP1, in terms of feedwater flow is thus 
X = FWRE-SP1 (3.12) 
In a similar manner set point 2, SP2, is equal to the lower point in terms of 
boiler feed pump pressure. From Figure 3.11 it is seen that, 
SP2 = 4215 
Then the actual value of the boiler feed pump outlet pressure may be obtained 
from the following equation, 
PBFP = 3500+ (SP2 -3500) + § (X) (psia) (3.13) 
The first term on the right hand side, 3500. 0 psia, represents the output 
pressure of the throttle valve and is the bias by which the boiler feed pump 
system head curves are based. While this quantity is a dependent variable in 
the process equation and is in fact solved for, its variation in equation (3.13) 
resulted in values of feedwater flow in equation (3.11) that were not consistent 
with the operation and hence this bias was held constant at the value indicated 
which is steady state throttle pressure for all values of load. 
Continuing with the example, consider full load conditions, in which 
X = 200. Substituting in equation (3.13) yields, 
65 
PBFP = 3000+(4215 -3500) + — (200) 
PBFP = 4215 + 65 = 4280. psia 
Now, since the boiler feed pump speed is adjusted by sensing an e r ro r between 
actual speed and desired speed to maintain the proper flow (as will be described 
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in the control section) it will be at 5300 rpm initially. 
Hence equation 3.13 becomes 
FWRE = 3780-{5200 + 4215 £ ^ ] + 5 3 0 0 + 4 2 8 0 ( ^ - ) 
t 65 / oo 
FWRE = 3780 + 100 + ^ ( 4 2 8 0 - 4 2 1 5 ) = 3980 Klb/hr 
This is the feedwater flow that corresponds to the stated conditions. 
As mentioned earlier another approach to the boiler feed pump simulation 
is included in Appendix A. 
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3. 3 FEEDWATER HEATERS 
In order to make a more complete simulation, it was decided to include the 
effect of heating the feedwater before it is fed into the furnace. The simulated 
plant has both low pressure feedwater heaters and high pressure feedwater 
heaters. The terms low and high pressure refer to the pressure of the work-
ing fluid that is being heated. At this point in the cycle the working fluid is 
compressed water. 
The feedwater heaters are of the closed cycle type. That is , there is 
steam extracted from various points in the heat cycle and is passed through 
tubes in the heater, over which the feedwater is flowing. The feedwater is thus 
heated by convective heat transfer from the higher temperature steam. The 
term closed cycle means that the condensate of the extracted steam used for 
heating is put back again into the main feedwater stream. 
There are five stages of low pressure feedwater heating and two stages of 
high pressure feedwater heating where the heating steam is extracted from the 
turbines. Specifically, the low pressure feedwater heaters (in the order in 
which feedwater is heated) are the 18th stage heater, 17th, 16th, 14th, and 12th 
stage heater. The number of the stage refers to the turbine stage at which the 
steam is extracted. The high pressure feedwater heaters are heated by the 
10th and 7th stage extraction flows. 
The stages of the turbines refer to the various combination of rows of 
blades, fixed and movable, that form an integral part of the total turbine. 
They are numbered progressively from the inlet of the high pressure turbine 
down through the low pressure turbine. Stages 1 through 7 comprise the high 
pressure turbine, stages 8 through 12 comprise the intermediate pressure 
turbine, and stages 14 through 19 comprise the two low pressure turbines. 
Pictures of three of the feedwater heaters are shown in Figure 3.12. 
The amount of extraction flow from each stage of the turbines is dependent 
on the existing pressure of the stage, the size of the orifice from which the 
extraction steam flows and the steam conditions in the extraction line. While 
these values do fluctuate somewhat during load changes, it is assumed for the 
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Fig. 3.12 Low pressure feedwater heater 
and high pressure feedwater heater 
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purpose of this simulation that the value of the extraction flow and the condition 
of the steam extracted is constant throughout the simulated tests. Further-
more, the two high pressure feedwater heaters are grouped into one equivalent 
high pressure feedwater heater with the steam conditions of the heater being a 
value that meets the heat balance requirements. This value will be computed 
subsequently. In Figure 1. 2 this is shown as lump 14. In a similar manner, 
the five low pressure feedwater heaters are grouped into one equivalent low 
pressure feedwater heater. It is shown schematically in Figure 1.2 as 
lump 13. 
Since the extraction flows WEI and WE2 are considered constant, they are 
determined in the following way. In computer block 19, the value of the 
reheater steam flow is computed as in the following equation 
S480 
W(12) = — W(ll) (3.14) 
where 
W(ll) = steam lead steam flow (lb/sec) 
W(12) = reheater steam flow (lb/sec), lump 12 
The ratio in equation (3.14) is obtained from the steady state full load ratio 
of these two quantities. In the transient condition, this ratio will be altered 
nonlinearly to a change in density of the steam in these two lumps but is being 
neglected in this phase of the simulation. 
The first extraction flow, that which is used for high pressure feedwater 
heating, is then determined from the equation 
WEI = W(ll) - W(12) (3.15) 
where 
WEI = high pressure feedwater extraction flow (lb/sec) 
Since the intermediate and low pressure turbines are combined for this 
analysis, the average value of the flow through them is used to compute their 
combined power output, as is described in the turbine section. Hence, the 
average flow is taken as the steady state, full load ratio of W(ll), steam lead 
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steam flow, as in the determination of the reheater steam flow. 
W C = ( ^ ) W ( 1 1 ) ( 3 ' 1 6 ) 
where 
WC = average steam flow through intermediate and low pressure turbine 
This ratio is estimated based on the value of input steam flow to the inter-
mediate pressure turbine which equals 3,480,000 lb/hr and the input steam 
flow to the low pressure turbine of 2,940, 000 lb/hr at full load. The value 
chosen was 3,200, 000 lb/hr of equivalent steam flow through the combined 
turbine. 
The second extraction flow is thus obtained from a knowledge of the 
reheater flow and the computed equivalent steam flow as in the following equa-
tion: 
WE2 = W(12) -WC (3.17) 
where 
WE2 = low pressure feedwater extraction flow (lb/sec) 
A block diagram is shown in Figure 3.13 which illustrates the way in which 
the steam and condensate are handled in the feedwater heaters. The heat flux 
input to the high and low pressure feedwater heaters (lumps 13 and 14) is then 
computed. In order to compute the net heat flux that is utilized to heat the 
water, the input steam and output condensate conditions of the extracted flow 
must be known in addition to the previously computed extraction flows. 
From the block diagram, Figure 3.13, it is noted that the condensate of 
the second extraction flow, WE2, is readmitted to the stream just before the 
condensate pump. At this point the enthalpy from the heat balance is H019 = 
69.1 btu/lb. This is also the same condition which exists for the feedwater 
into the low pressure feedwater heater. This value is assumed constant. 
The conditions of the second extraction flow is assumed to be 
HE2 = 1272. 2 btu/lb. Thus, the heat input to lump 13 becomes 
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F ig . 3.,13 Ext rac t ion flow block d iagram 
The heat output of the condensate of the extraction flow is given by the 
following equation 
QH13 = (WE2) (H019) btu/sec (3i 19) 
The difference between equations (3.18) and (3.19) gives the amount of heat 
added to the feedwater in the low pressure feedwater heater (lump 13) 
DQ13 = QW(1,13) - (WE2) (H019) btu/sec 
The heat content of the feedwater entering lump 13 is given by equation 
QI13 = W(12)H019 btu/sec (3. 20) 
The heat content of the feedwater as it leaves the feedwater heater is then 
given by the following equation 
Q013 = QI13 +DQ13 btu/sec (3. 21) 
The condition of the feedwater as it leaves lump 13, the low pressure feedwater 
heater can then be computed as the heat content divided by the feedwater flow. 
H013 = QO!3/W(12) (3.22) 
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where 
H013 = the enthalpy of the feedwater leaving the low pressure feedwater 
heater 
With the assumption that there is no appreciable change in the enthalpy of the 
feedwater as it passes through the boiler feed pump, the input enthalpy of the 
high pressure feedwater heater is then given by the value just computed for 
H013. 
QI14 = W(11)H013 (3.23) 
where 
QI14 = heat content of the feedwater entering lump 14 
The heat content of the condensate of the first extraction is also given by 
H013 since that is where the condensate is readmitted to the feedwater stream. 
This heat content is labeled QH14. 
QH14 = (WE1)H013 (3. 24) 
The condition of the first extraction flow as it leaves the turbine is computed by 
heat balance to be equal to 1400 btu/lb. , 
Thus the heat input to lump 14 is given by the following equation 
QW(1,14) = (WEI) (HE1) btu/sec (3.25) 
The amount of heat added to lump 14, DQ14, is the difference between 
equation (3. 25) and (3. 24). 
DQ14 = QW(1,14) - (WEI) (H013) (3. 26) 
The heat content, Q014, of the feedwater that leaves the high pressure 
feedwater heater, is then given by the following equation. 
Q014 = QI14 +DQ14 (3. 27) 
Finally, the enthalpy of the compressed water leaving lump 14, the high 
pressure feedwater heater, is labeled H014 and is the ratio of the heat content 
of the water to the flow. 
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H014 = Q014/W(l) rj j- (3.28) 
At steady state, full load, the heat balance gives a value of 487. 5 btu/lb for the 
output enthalpy of lump 14 which is , as seen in Figure 1. 2 , the input enthalpy 
of lump 1, the economizer. 
HI(1,1) = H014 (3.29) 
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3.4 TURBINES 
As mentioned in the introduction, the simulated plant has a 3600 rpm 
tandem-compound turbine with an equivalent rating of 560 megawatts. On the 
single shaft are the high pressure , intermediate pressure and two low pressure 
turbines. 
In Chapter 4 the heat cycle of the plant is discussed in detail and it will be 
seen from the temperature-entropy diagram that the steam expands through the 
turbines approximately isentropically. That i s , there is very little increase 
in entropy in the steam conditions as it passes from entrance to exhaust of the 
turbine. Entropy is a property of steam that is useful in energy determination 
of heat engines. The change in entropy in moving from one state to another is 
defined as : 
1 J, T S J J - S , =\ - ~ - (3.30) 
where 
S = entropy (btu/lb - °F) 
d'Q = heat added or subtracted (btu) 
T = temperature of the state °F 
For a simple system with heat added at a temperature above the threshold 
level, the available energy for useful work is equal to the heat added minus the 
product of the entropy change and the absolute temperature of the threshold. 
Q available = Q added - T T ( s 2 - s j ( ^ ) (3. 31) 
where 
T = Threshold temperature 
This is shown in Figure 3.14 below 
When the steam leaves the boiler it passes through the steam leads that 
connect the boiler with the turbine valves as described earlier. The steam 





Fig. 3.14 Available energy 
first stage of the turbine through specially designed nozzles. The steam has a 
particular state at entrance to the turbine and its state changes as it passes 
successively through the stages of the turbine. 
In the specifications of the plant it was noted that the turbine configuration 
was a tandem compound, single reheat unit. This is illustrated in Figure 3.15. 
Genera tor 
60 Hz &&e 
Low p r e s s u r e turbines 
Fig. 3.15 Turbine arrangement 
The state property of the steam that is most useful for the simulation of the 
turbines is the enthalpy (btu/lb). Recall that the enthalpy of a substance is 
equal to h. 





E = intrinsic energy of the system! -jt-J 
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P = pressure 
© V = volume/lbl 
Thus the steam has this equivalent energy as it crosses a boundary in 
addition to other forms of energy, specifically kinetic and potential energy. 
The steam expands in the nozzles down to a state at exhaust pressure. The 
steam leaves the nozzles at a high velocity and is directed onto the blades 
which are mounted on the shaft. The velocity of the steam is higher than the 
blade velocity and hence the steam exerts a force on the blade and work is done 
on the blade. This work is transmitted through the wheel and into the shaft and 
then to the rotating d. c. field of the synchronous generator where electromag-
netic restraining torque is produced by virtue of the interaction of the direct 
current (d. c.) produced magnetic field and the armature produced magnetic 
field that is a function of the electrical load on the generator. 
In an ideal nozzle the steam expands isentropically. All the available 
energy (enthalpy) of the steam is converted to kinetic energy. Actually there is 
turbulence and friction which cause a gain in entropy such that the enthalpy of 
the steam is higher than the ideal value. This is illustrated in Figure 3.16 with 
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Figure 3.16 H-S diagram for nozzle process 
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A similar phenomena occurs in the various stages of the turbines and is 
called blade reheat. Since all the blade passages are not at all times filled 
with steam, there is a "fanning" loss. Also there is friction since steam 
surrounds the rotating wheel. These are the so-called rotational losses. In 
addition there is steam leakage through the seals which causes a throttling 
effect as described in the throttle valve section. These combined effects are 
called stage reheat. 
The several stages are then combined to yield the total "reheat" of the 
turbine. Note that it was assumed that the enthalpy was converted to kinetic 
energy and that the steam had no kinetic energy at entrance or exit from the 
turbine. 
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Fig. 3.17 H-S diagram for turbine stage 
It is the reheat phenomena that causes the turbine stage efficiency to be less 
than 100%. 
The multi-stage turbine such as the one that is under consideration in this 
study accumulates this reheat effect for each stage. In this simulation the 
individual stages of the turbine are not studied, however, the cumulative effect 
for the high pressure turbine and the combined intermediate and low pressure 
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Fig. 3.18 H-S diagram for turbines 
The exact values of enthalpy that are given in Figure 3.18 are obtained 
from the simulation itself. Initial values were used from the operation data 
obtained in test run 2 which is described in a later section. The values of 
enthalpy were obtained from the steam table corresponding to pressure and 
temperature values of the required spatial points. The turbine outlet conditions 
are assumed to remain constantly at the values obtained while the input condi-
tions vary as the process moves from one equilibrium point to another. This 
will occur when there is a power demand change or individual parameters are 
varied. Hence for a given value of flow, computed from the boiler feed pump, 
taking into consideration the density change that occurs in the transient solu-
tion, the value of power output of the turbines can be computed. 
Since the system must operate in equilibrium and accurate values of the 
turbine reheat factor and engine efficiency are not known, they are estimated 
in this simulation. The term reheat factor is the ratio of the sum of the isen-
tropic enthalpy drops for the turbine stages (high pressure and combined 
intermediate and low pressure turbine) to the isentropic enthalpy drop for the 
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Fig. 3.19 H-S diagram of two stage turbine 
The reheat factor is assumed to be 1. 08 for both turbines. The engine 
efficiency of the high pressure turbine is assumed to be 90% (j^ = 0. 90). 
With the same reheat factor for the low and intermediate pressure turbine, its 
efficiency is computed to be 94.1% (Tis = 0. 941) in order that the system balance 
at 560 mw, full load. 
F i rs t consider the high pressure turbine. 
The work per pound of steam is given by the following equation. 
Wx = (reheat factor) (hU)\ 
where 
AH = the difference between input and output enthalpy. 
In terms of computer variables this is equation (3. 34) 




HO (1,17) = 1 2 7 6 / ^ ) 
The output power of the turbine in hp is 
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HP1 = (WJ (W(ll)3600)/2545 (3. 35) 
where 
W(ll) = turbine flow (lb/sec):2545-j^ = 1 hp 
The equivalent output of the turbine in megawatts is given by equation 
(3.36). (746 watts/hp) 
(RHF) T̂  746(HO(l, 11) -HO(l, 17)) W(U)(3600/) 
POWER 1 = (3.36) 
(2545) 10 
Combining the constants together yield 
RHF(H1)746 (1.08X0.9)746 
K 1 ~ 2545 " 2545 ~ ° - ^ 8 5 
Hence equation (3. 36) comes 
POWER 1=0.285 (HO(l , l l ) -1276. )W(l l )3 . 6 x l O _ 3 M W (3.37) 
In a similar way the power equation is obtained for the combined 
intermediate and low pressure turbines. 
The work per pound of steam in the intermediate and low pressure turbine 
(turbine 2) is given by equation (3. 38) 
W2 = (RHF2) ( AH2) (Tls) (btu/lb) (3. 38) 
where 
RHF2 = reheat factor of turbine 2 
AH2 = enthalpy drop across the turbine 
T]2 = engine efficiency 
In terms of the process variables, with HO(l,18), the turbine outlet enthalpy, 
equal to 1113, btu/lb, RHF = 1. 08 and T|2 = 0. 941 as described earlier. Hence, 
W2 = ((RHF2)fla (HO(l,12) -HO(l, 18)) btu/lb (3.39) 
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The output power of turbine 2 in hp is determined from equation (3. 40). 
The value of the equivalent flow is (3. 2/3. 98) W(ll) as is discussed in the s e c -
tion on feedwater heaters. This equivalent turbine flow results from the 
extraction flow. 
HP2 = W2(W(11)3 2/3.98)3600 h p ( 3 4 Q ) 
The equivalent output of the turbine in megawatts is given by equation 
(3. 41) 
(RHF2) -na 746 (HO(l,12) - HO(l, 18)) 3. 2 W(ll) 3600 
POWER2 = MW (3.41) 
(2545) (3. 98)(10 ) 
Combining the constants together yield 
^ 2 ) ^ 7 4 . ( 3 . 2 ) a , 0 8 w o . < , 4 1 ) < 7 4 6 W 3 , a ) 
3 2545 (3.98) 2545 (3.98) 
Equation (3.41) thus becomes 
POWER 2 =0.24(HO(l ,12)-1113.)W(ll)3.6xl0 _ 3MW (3.42) 
The total power output of the turbines is then the sum of the power from 
turbine 1 and turbine 2. 
POWER = POWER 1 + POWER2 MW (3.43) 
where 
POWER = total simulated generated power in megawatts. 
The turbine control cabinet and high pressure turbine is shown in 
Figure 3. 20. The low pressure turbine and generator are shown in 
Figure 3. 21. 
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3. 5 TURBINE VALVES 
The turbine valves act in a way to throttle the steam as it enters the high 
pressure turbine. The throttling process occurs when a gas, in this case 
steam, flows through an orifice. The throttling process simply obstructs the 
fluid flow. This is an entirely dissipating process which is somewhat like 
applying brakes on an automobile. An example of a throttle is a partly opened 
valve in a fluid or gas flow line, such as one would find in a faucet. When the 
gas is at a temperature approximately equal to the surroundings or , as is the 
case in this simulation, when the passage is well insulated from the surround-
ings, the heat transfer may be neglected. In this case, the initial and the final 
enthalpies, as seen at the inlet and outlet of the valve, are approximately 
equal. That i s , the energy balance equation indicates that AH= 0. Even though 
this is the case, there is still a significant change in the properties of the 
working fluid as it passes through the valve. In particular, there is a pressure 
drop across the valve. Referring to the general energy equation (3.1). The 
initial and final velocities equal (that is V, = V,) and with the elevation term 
neglected (i. e. , potential energy is considered negligible) and with no net heat 
t ranser or work done on the fluid in the valve, the following equation results: 
u2 +^Xs . = =
; Pi lL + C 3 o 4 4 ) 
2 778 778 x l ' 
but these are equivalent to the enthalpies, H- and H , and, as mentioned, the 
i. Ci 
enthalpy from input to output remains unchanged.' 
The final conditions of the steam as it passes through the throttle valve 
are obtained easily from the temperature-entropy diagram. 
The temperature, T , shown in Figure 3.22 represents the condenser 
temperature, the recovery temperature, of the heat cycle. It is noted that due 
to the throttling process the cross hatch area which represents work on the 
T-S diagram is actually lost due to the throttling process. Hence, no matter 





Fig. 3. 22 Throttling in T-S diagram 
condition, (that is, point 2 on the diagram) even for an ideal steam engine, 
yield the same amount of work as would have been obtained had the steam been 
delivered at the conditions of point 1, the input to the throttle valve. There 
will always be an amount of work or energy lost corresponding to the cross 
hatched area. This may also be illustrated by the use of the H-S diagram as 
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Fig. 3.23 Throttling in H-S diagram 
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In* Figure 3. 23, above, is .shown the throttling effect on the H-S diagram. 
If the input to the throttle valve is considered as point 1, the output of the 
throttle valve, point 2, and the expansion from the constant pressure, P toP 
is being made, it is seen that the available energy is equivalent to H on the 
diagram. This is shown, again, in the section on the turbines relating to the 
power output of the turbines. However, if throttling had not taken place then by 
expanding from a constant pressure, P , to the constant pressure, P , the 
J. O 
process would have had a change of enthalpy corresponding to H , and conse-
quently a greater output power, or an equivalent amount of work which is done 
is greater than that which could have been obtained using the throttle valve for 
controlling the flow of steam through the turbine. The basic purpose of using 
the throttle valve for a controlling device is to control the steam turbine's 
speed and this is done as indicated by controlling the amount of steam that is 
allowed into the turbine. This flow is varied by varying the area of the passage 
through which the steam must flow in order to get to the turbine. The force 
which is developed in the turbine must be exactly equal to the force which is 
required to drive the synchronous generator at synchronous speed, which in 
this case is 3,600 rpm. The so-called resistance to the flow of steam, which 
is given by the valve, decreases the rate at which the steam flows into the 
turbine and, hence, is brought to a lower initial pressure as seen by the previ-
ous figures. This is a very convenient and effective method for obtaining the 
speed control which has the obvious disadvantage that the energy which is 
obtained is smaller as a result of this throttling process, as mentioned in rela-
tion to Figures 3. 22 and 3. 23. 
The type of turbine that is used in the simulated plant is an impulse turbine 
which has a limited number of nozzles. The speed control is obtained by the 
automatic adjustment of valves ahead of the nozzles. As the valves are closed 
there is a decrease in the weight of the fluid which enters the turbine which 
tends to reduce the force exerted and reduces the inherent losses in the throt-
tling process. The device which automatically opens and closes the valves is 
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called a governor and, in actuality, it opens and closes several steam 
admission valves in sequence. The system uses lift rods, or cams, to open 
the individual nozzle valves. Since there are four valves in the simulated 
plant, there are four valve position steps which are carried out. For the low-
est loads one valve is opened,and as the loads are increased another valve, 
and then another valve is opened in sequence. The valve characteristics which 
relate the power output to the steam flow are not exactly linear, but are consid-
ered so when considered as valve steps. 
The turbine stop valves and throttle valves and linkages are shown in 
Figure 3. 24 and Figure 3.25. 
The governors which control the steam turbines may be operated either 
manually or automatically. The governors have a drooping speed characteris -
tic which is often set around 5% droop compared with the no load speed. A 
speed load characteristic is shown in Figure 3. 26. The normal operating point 
for this unit, when operating at a full load of 560 megawatts, is 3, 600 rpm, and 
since the synchronous generator has two poles this corresponds to a frequency 
of 60 hertz. Since the generator of the simulated plant is connected to many 
other similar generators in parallel to comprise the electric power system, 
and all machines on the system must operate at the same frequency, the speed 
must be regulated by the governor to maintain this particular speed. The 
characteristic could be shifted either up and down or right and left by virtue of 
the governor action. First consider a shift up from position A to position B» 
This would give r ise to an increased load taken by the machine, since the inter-
section with the synchronous speed of 3,600 rpm and the characteristic B 
would be an increase load to P . If the governors had reduced the steam going 
B 
into the turbine, the machine would tend to slow down, but could not slow down 
since it was tied synchronously to the other machines of the system, and as the 
characteristic moved to the C characteristic the power output of the simulated 
plant would drop from 560 megawatts to P megawatts. 
c 
As has been mentioned, the valve simply varies the amount of restriction 
which it introduces into the line supplying the steam to the turbine. The 
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Fig. 3.24. Turbine Stop Valveb a r d Throttle VaHe; 







Fig. 3. 26 Turbine speed-load characteristics 
restriction of the flow can be defined in terms of groups of relationships 
between the various flows, pressures, and the valve position itself. If the 
pressure were plotted as the abscissa with the flow as the ordinant, and then 
different curves were plotted with the parameter of variation being the valve 
position, plots would be obtained which were analogous to the families of plate 
characteristics of vacuum tubes. The simulated valve approximates an ideal 
orifice which has a linear relationship between the flow rate and the area of 
opening if the pressure drop across the valve is held at a constant value. 
However, the relation between the flow and the pressure is parabolic if the area 
of the valve is held constant. 
The approximating equation that is used for the simulation is equation 
(3.45). (See p. 184, ref. 89) 
W = K (a)j2 Ap(p) (3.45) 
where 
W = flow of working fluid (lb/sec) 
a = area of valve opening (ft2) 
K = discharge coefficient 
AP = Pressure drop across the valve (psia) 
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p = density (lb/ft3) 
In terms of the computer variables, the flow used is the flow out of lump 11, 
the steam leads, W(ll). The pressure drop is given by, 
AP = PO( l , l l ) -PO( l ,16) 
where it is noted that the throttle valve is lump 16 in Figure 1.2. 
The density used is that of lump 11. 
There are four steam admission valves. One has an inside diameter of 8" 
while the other three have inside diameters of 7" each. The area of the valve 
opening is considered as a composite of these valves and is computed using a 
product of the throttle valve position and the total area. The value of the throt-
tle valve position is obtained from the control system and will be described in 
detail there, however, it should be noted here that for full load the throttle 
valve position, labeled TVPXR, equals 1. 0 and will be less than 1. 0 for loads 
less than 560 MW. 
The valve area is given by 
AA = TVPXR j f-(^j + 3hjy 1 ft. 2 (3. 46) 
The value of the discharge constant, K , in equation (3. 45) is considered 
constant for all simulated loads and is obtained from data at steady state full 
load. At full load, AP = 100 psia, W(ll) = 1105 lb/sec. , RHO(ll) = 5 lb/ft3. 
Substituting these values into equation (3.45) yield 
W(ll)2 = K2 (AA)2 2 |P0 (1,11) -PO (l,16j|RHD (11) (3. 47) 
2 
Solving for 2K = KV, 
2 
KV = W(11> (3.48) 
(AA) | P 0 ( l , l l ) - P 0 ( l , 1 6 ) j R H 0 ( l l ) 
KV = Qj^ =1846.541 
(1.15) (5) 100 
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In the computer simulation the output pressure of the valve is desired, hence 
solving equation (3.47) for PO(l, 16), 
PO(l,16) - P O f i . l l ) - ^ 5 4 1 ) R H O ( l l ) ( A A )
2 <3 '4 
This equation is used in block 19 of the computer program. 
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3.6 SPRAY VALVES 
The simulated plant has a spray flow valve that admits water into the steam 
in order to obtain a quick, but non-permanent change in the output temperature 
of the superheater. The amount of spray flow is determined by the deviation 
of the final superheater temperature from a predetermined set point as is dis -
cussed in the control section. There is a signal sent from the control system 
to the process indicating an increase or decrease of spray flow that is required 
for the temperature difference. In the plant operation the spray flow reacted 
somewhat sporadically as is seen in the discussion of the test runs. For the 
simulation, the maximum value of spray flow considered was 100, 000 lb/hr 
which is equivalent to 27. 8 lb/sec of flow. This flow is a very small percent-
age of the full load steam flow of 1105. lb/sec and offers a negligible increase 
in flow and mass of the superheater steam flow. 
The value of spray flow in lb/hr is taken as the value of the spray valve 
position times 1000, where the spray valve position varies from 0 to 100. 
The spray flow is obtained by extracting water from the feedwater flow at 
the entrance to the economizer and then spraying the water into the superheated 
steam between the primary and finishing superheater, that is between lump 9 
and lump 10. 
The heat content, QUO, of the working fluid as it moves into lump 10, 
without the spray flow is given by the following equation. 
QUO = W(9) HI(1,10) btu/sec (3. 50) 
where 
W(9) is the steam flow output of lump 9. (lb/sec) 
HI(1,10) equals HO(l,9)'in this case. However, if spray flow is injected into 
the superheated steam at the output of the primary superheater, the enthalpy of 
the steam is changed since the spray water vaporizes upon contact with the 
high temperature steam. 
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The heat absorbed increases the temperature of the spray water and by 
the vaporization changes the internal energy of the steam which is represented 
by a drop in enthalpy of the working fluid as it enters lump 10. 
Since the spray flow, WS, {lb/sec) is given for a particular operating 
condition, the heat extracted from the working fluid is to be determined. 
Since the fluid of the spray is at supercritical pressure , that is above 
3206.2 psia, the value of the heat of vaporization is negligible, and thus the 
only contributing factor to a decrease in enthalpy of the main stream flow is 
proportional to the amount of heat required to raise the temperature of the 
spray water from its value of approximately 582° to TO(l, 9). 
The value of Hl(l, 1) is computed from the feedwater heater section and is 
• available after the first iteration. The value of PI(1,1) is not however avail-
able but may be calculated from a knowledge of the steady state full load 
pressure drop across lump 1 which is 25 psia. The value of the pressure 
PI(1,1) is given by equation (3. 51) 
P I ( l , l ) = P O ( l , l ) - — ^ ^ - p s i a (3.51) 
Then TI(1,1) is computed by use of the computer subroutine TSSPH that is 
described later. Basically, T = f(p,H) and when the subroutine is called, it 
returns with the temperature corresponding to the p and H supplied to it. 
The specific heat of a substance is numerically equal to the number of btu 
required to raise the temperature of 1 pound of substance 1°F. 
The specific heat of water is 1 „ n_, at 1 atm. but at the approximate 
lb. F 
operating temperature and pressure of the spray water, 4000 psi, 600°F, the 
specific heat is 1. 29 btu/lb - ° F . 5 0 
The specific heat, C , of the steam at its approximate operating values 
hr 
(800°F, 3700 psia) output of lump 9 is 1. 6 " o ^ . 
i b . Jb 
For the simulation, C = 1.44 0 ] ? was chosen and used in the following 
equations to represent the heat absorbed by the water when spray was added. 
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Q09 = W ( 9 ) H O ( l , 9 ) ^ (3.52) 
where 
Q09 = heat content of working fluid leaving lump 9 
The heat absorbed by the spray water i s : 
DQS = (WS) (1. 44) (TO(l, 9) -TI(1,1)) (3. 53) 
Then the heat content of the steam entering lump 10 is given by 
equation (3. 54) 
QUO = Q09 -DQS (3. 54) 
The enthalpy of the steam entering lump 10 is then, 
EH(1,10) = QI10/W(9) (3. 55) 
Thus the enthalpy is adjusted by the spray flow to give the corrective 
action needed to force the finishing superheater outlet temperature to the se t -
point desired. 
CHAPTER 4 
PLANT HEAT CYCLE AND THE PROPERTIES 
OF THE WORKING FLUID 
The properties which are needed to study the problems of 
thermodynamics are temperature, pressure, volume, internal energy, 
enthalpy, and entropy. If the portion of internal energy due to gravity, obser-
vable motion, surface tension, electricity and magnetism are separately 
accounted for, a pure substance has, in general, only two independent proper-
ties. For example, if the pressure and specific volume are fixed then all 
other properties become fixed. 
Thus we can express any property of a substance as a function of two 
other properties and lines may be plotted of a constant value for any one prop-
erty on coordinates of two other properties. The equations which so represent 
> 
the state of the system are appropriately called "The State Equations of the 
System". 
For the purposes of the present simulation, the independent variables 
which have been chosen are pressure and enthalpy. As has been indicated 
earlier and will be seen further in the discussion of the computer program, 
frequently it is the temperature of a particular point in the heat cycle which is 
desired. It is obtained by knowing what the current values of the pressure and 
enthalpy are at that particular point in the cycle at that particular time. 
Before discussing the details associated with the methods of the 
computation of the state properties, it is appropriate to discuss what the con-
cept of the heat cycle does in terms of the plant operation and to describe here 




There are three different graphs which are used to illustrate what the 
heat cycle is like. The graphs are, the temperature-entropy graph, the 
temperature-enthalpy graph, and the enthalpy-entropy graph. The last graph, 
that is the enthalpy-entropy graph, is commonly called the Mollier diagram. 
By inspection of these graphs, a rather quick estimation of the type of cycle 
that is used in a particular plant may be judged and may be compared with 
other familiar cycles. Every point on one of these diagrams determines the 
conditions of the working fluid which in this case is either steam or water; that 
is , for example, on the Mollier, the H-S diagram, for every pair of H and S 
there is a corresponding definite pair of values such as P and V which can be 
read directly from the chart. 
As mentioned in an earlier section, the area beneath the curve of a closed 
cycle on the T-S diagram represented a particular amount of heat that was put 
into the particular process and represented, therefore, a form of energy. 
However, note that in the H-S diagram, as was mentioned in relation to the 
explanation of the turbines, there is a distinct advantage that the heat quanti-
ties are represented by simply measuring the distances between two respec-
tive enthalpies, and these may be measured very easily with a ruler. Consider 
the rough block diagram representing the fluid flow path of the unit, as shown 
in Figure 4 . 1 . Starting with the output of the boiler feed pump, point a, pass-
ing through the high pressure feedwater heater, to the furnace, to the super-
heater, through the turbine, (the output of the turbine marked at point e ), 
through the reheater, through the turbine and back through the condenser to the 
low pressure feedwater heater. This is the closed cycle that is used in the 
simulated plant. 
The cycle steps may be traced through in a sequential fashion and they are 
shown schematically in Figures 4. 2 and 4. 3, where Figure 4.2 is a represen-
tation of the heat cycle on the T-S diagram and Figure 4. 3 is a representation 
of the heat cycle on the H-S diagram, or Mollier chart. The various steps in 
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Fig. 4.1 Fluid flow path 
During the passage of the fluid from d to e through the high pressure 
turbine stage, the steam decreases in temperature, pressure and enthalpy, 
and increases in volume and there is a slight increase in the entropy, although 
generally this expansion has been considered to be isentropic; that i s , with a 
constant entropy. As noticed from the figure, the exhaust steam has a slightly 
superheated value. As the fluid passes between e and f, it is reheated at an 
approximate constant pressure in the reheater. From point f to point g there 
is again the expansion of the steam through the intermediate and low pressure 
turbines of the simulated plant, where again the exhaust steam to the conden-
se r is-decreased in pressure, temperature and enthalpy and increased in the 
volume and entropy. Then from this point in the cycle, the steam passes to 
the condenser from g to h where there is an isobaric (that i s , a constant p re s -
sure) lowering of the temperature, such that the condensation occurs. 
Between points h and i, the feedwater is heated at approximately a constant 
pressure and the temperature is raised from the condenser temperature to a 
higher temperature illustrated in the T-S diagram as point i. The amount of 
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Fig. 4. 3 Heat cycle H-S diagram 
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Between i and a the liquid is passed through a feedwater pump in which 
there is a significant increase in the pressure of the liquid to the boiler pres-
sure, which in this case is approximately 4,200 psia. The pressure is obtain-
ed by putting mechanical energy into the feed pump. Besides the increase in 
the pressure at this point, there is only a very slight change in the enthalpy, 
entropy, temperature and volume and, hence, the state of the fluid at i and a 
are almost coincidental on the two diagrams. Between points a and b, the high 
pressure feedwater is again heated in much the same fashion as the low pres-
sure feedwater was heated; that is, by extracted steam from the high pressure 
turbine and the intermediate and low pressure turbines. The value of the pre-
sure changes only slightly in the feedwater heating while the temperature is 
raised significantly, as indicated on the T-S diagram. At point b, the fluid 
enters the economizer portion of the furnace and is then heated by the convec-
tion heating and, as it moves up to point c, which is the input to the superheat-
er, with this supercritical cycle, it is always passing above the saturation 
line, as indicated in both the T-S and the H-S diagrams. 
In a conventional unit the boiling would occur along a constant temperature 
line, but the details of that will not be given further attention in this considera-
tion. With the supercritical unit, as has been mentioned earlier, there is no 
exact division point between the steam and the water. There is essentially a 
composite mixture and a very non-distinct point at which the water changes into 
steam as it is heated. Point c occurs at approximately 660°F. Between point 
c and point d, the steam is then superheated at an approximate constant pres-
sure and is then ready at point d to enter the high pressure turbine and to pass 
through the cycle again as described. 
With the type of turbines where extraction steam heats the feedwater , for 
each pound of steam which enters the turbine not all of the steam goes through 
the condenser. This is due to the fact that some of the steam is used in the 
feedwater heaters. This tends to raise the efficiency of the unit as is indicated 
by the cross -hatched area below line g-x on Figure 4. 2 which indicates the 
heat rejected by the condenser. The net heat into the steam is represented by 
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the area on the T-S diagram under the curve between b and d and e and f. 
Again there is some of the area there which is not cross-hatched due to the 
fact that not all of the steam passes through from the high pressure to the low 
pressure turbine due to the extraction flow used for the feedwater heater. As 
mentioned earlier the reheating effect makes the performance of the unit better 
which justifies the expense of the additional piping and the reheater in the 
steam generator, as does the feedwater heating units. After considering the 
T-S and H-S diagrams in a general way, look now at Figures 4.4 and 4. 5 which 
are the T-S diagram and H-S diagram respectively for the units in which the 
various points are plotted as accurately as could be obtained from the data for 
the simulated plant. 
In the previous figures, the heat cycle of the once -through supercritical 
steam generator is illustrated. In terms of the properties of the steam the 
simulation must consider where these points of the heat cycle move under the 
various conditions that are imposed upon the model in order to simulate the 
actual plant. This would entail either knowing exactly where on the heat cycle 
each particular point in question is located or of being able to compute the 
representative points by virtue of excursions which are taken from the steady 
state operating point. 
In order to find the properties of the water or steam in the process, there 
are basically two approaches which may be taken. The first approach would be 
that of tabulating within the computer simulation itself the values of the various 
properties needed to solve the equations of the process. That would require a 
tabulation of all the values wherever the heat cycle may move to on the T-S or 
H-S diagram. The traditional way of handling the state equations as has been 
indicated in most of the publications has been by considering only a linearized 
model of the plant and allowing the dependent variables to take small excursions 
from fixed operating points. Then by assuming that the properties of the work-
ing fluid do not change rapidly (which is an incorrect assumption in the critical 
region) with small changes in independent variables only the steady state values 
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Fig. 4. 5; Heat Cycle, Simulated Plant, H-S Diagram 
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It was decided that a better approach to the problem would be to try to 
allow for a very large variation in the variables. This meant since, as seen 
from the previous figure, the heat cycle of the plant covered most of the 
regions of the temperature-entropy diagram, that almost all of the steam 
tables would have to be represented on the digital computer. These steam 
tables could be represented on the digital computer by either tabulation or by 
representing the steam table by an appropriate equation. 
The regions of the steam table which must be uniquely defined are the 
superheated steam, compressed liquid, wet vapor and the so-called critical 
region of superheated steam. Note that the heat cycle of the supercritical 
boiler passes directly through the critical region. This region around the 
critical point, 705. 47°F, 3,208. 23 psia, has rapidly changing properties and, 
at the time that the preliminary research was done, the equations were not 
available to represent points with specific volumes less than 0.1603 cu. ft. / lb. 
So, in the earlier research which was done in this area, that particular region 
was tabulated. In the superheated steam region, equations described in a 
paper by H. C. Schnackel^ were utilized. Note from the heat cycle figures 
that this portion covers most of the heat cycle. 
The rest of the heat cycle that needed to be simulated was in the 
compressed liquid region, which according to Schnackel would also have to be 
tabulated. Hence, in the earlier phases of the research a complete tabulation 
of these regions was made on the digital computer with provisions made for 
interpolating where necessary. However, the recently published book by 
McClintock and Si lves t r i^ has described the formulations and iterative 
procedures for the calculation of steam in the critical region, and also in the 
compressed liquid regions. Hence, the procedures were adapted to fit the 
existing program and the subroutine was developed using the equations des -
cribed in the aforementioned book and is given in Appendix B attached to the 
main computer program. The subroutine is TSSPH. It is to be noted that the 
entry into the subroutine is made with pressure and enthalpy as the independent 
variables. 
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In addition to the computation of temperature as a function of pressure 
and enthalpy, it was also desired in the simulation to consider the effect of the 
changing density of the steam in lumps 9, 10, and 11, which are the superheat-
er and steam lead sections of the simulation. The desire for this change in 
density consideration was prompted by the desire to include the dynamics 
associated with the continuity equation to make the simulation more complete. 
Within the compressed liquid region, that is , before the water gets to the 
critical point, it is assumed that the density change is negligible, but starting, 
in lump 9, in the superheater area, the density change is then considered. 
With this transition point being used, the equations for the specific volume as 
a function of pressure and temperature are computed. The subroutine that is 
used to compute the specific volume is also given at the end of the main com-
puter program in Appendix B. It is based on the paper listed in the bibliogra-
phy by Steltz and Silvestri. 92 The specific volume is given in that subroutine 
with the computer variable VNU = (VV1 + VV2 + VV3 + VV4 -VV5) Y 
where 
VV1 = R/PP(TAU) 
W 2 = B0 
W 3 = (B0)2(TAU)2 (DELTA) PP 
W 4 = EPSILON (B0)4[jAU(PP)]3 
W 5 = RH02 (B0)13(TAU(PP}2) 
The other variables mentioned in the equation above are defined in the 
computer program in the appendix. 
The programs themselves as were used were checked to see if the 
accuracy was within a tolerable amount for the simulation. Table 4.1 shows 
the various points tested and their corresponding enthalpies and entropies as 
were obtained from the steam tables for the corresponding points shown in the 
earlier figures of the heat cycles. 
Using the program TPHOM, Table 4.2 illustrates the percentage error of 
the calculated temperature as compared with the actual temperature from the 
TABLE 4.1 
TEST POINTS OF HEAT CYCLE 
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- 4 . 8 3 3 
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steam tables, and the error is tolerable, generally less than 5% and in many 
cases closer. It should be recognized that for many of the points in the heat 
cycle where interpolation had to be made it was difficult to obtain an actual 
temperature which was completely accurate, hi Table 4. 2 the heat cycle is 
made into four sections which are illustrated in the figure representing the 
heat cycle. Also, in Table 4. 3 a similar analysis is made illustrating the 
relative accuracy of the specific volume computations. 
By use of these equations, which represent the steam tables, at each 
point within the iteration in the computer program, the values of the tempera-
tures corresponding to pressures and enthalpies; and specific volumes cor re-
sponding to pressures and temperatures are computed in the process at each 
time interval, which then adds to the accuracy of the simulation of the plant. 
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TABLE 4. 3 
TEST POINTS OF HEAT CYCLE WITH SPV0L3 
PLO T PRESSURE 
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CHAPTER 5 
THE PROPERTIES OF THE COMBUSTION GAS 
AND ITS RELATION TO THE SIMULATION 
There are several types of fuel available for the production of heat which 
is in turn transferred to the working fluid. In the United States the primary 
sources of energy for steam-electric generation are fuel oil, natural gas, and 
coal. In addition to these sources, a fourth energy source, nuclear fuel, is 
also becoming increasingly more popular as it is economically competitive in 
more applications and has the esthetic advantage that there is no associated air 
pollution. 
The primary fuel for the simulated boiler is natural gas with fuel oil 
serving as the secondary fuel. Fuel oil is used only in emergency or during 
periods of cold weather when the consumer demand for natural gas is at its 
peak and the electric utility can not be served adequately. 
The burners that are used in the plant under consideration are combination 
type burners and do not have to be changed when the fuel is changed from natu-
ral gas to oil. The plant operator has a selector switch on the control console 
that allows him to switch from one fuel to another in each pair of burners very 
quickly and, in fact, both fuels (natural gas and oil) may be burned in the fur-
nace simultaneously (using different pairs of burners of course). The 
controller and control valve for the natural gas entering the plant are shown in 
Figure 5 . 1 . A row of burners for the fuel is shown in Figure 5.2. 
Since natural gas is used the majority of the time, it is assumed in this 
study that only natural gas will be used and there is no provision in the simula-
tion for other fuels to be burned. If oil were to be considered, it would be 
handled in a manner similar to natural gas. 
The natural gas that is supplied to the simulated plant is of the same 
composition as that which flows through New Orleans gate number 4. 
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Fig. 5.1 Controller and control valve 
for natural gas to plant 
Fig. 5. 2 Row of fuel burners 
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This fuel was analyzed by a laboratory and the resulting analysis is given 
below and in Table 5 .1 . 
The gas sample was from meter 1-06-01-042, which had a line pressure of 
225 psig and a line temperature of 58°F. 
The heat value of the fuel, natural gas, was determined by a calorimeter 
reading performed in May, 1969. The result was (for 60°F, dry condition at 
BTU 
14i 9 psia) 1071. 3 which is used in the subsequent work to determine the 
amount of heat liberated by the combustion process. 
In addition to the fuel constituents listed in Table 5 .1 , the natural gas 
contained 0. 04 grains/ . of sulfur; a calculated value of 0. 01 g. p. m. 
_LUU C U . Ilia 
of NGPA charcoal; and had a specific gravity, referenced to air, of 0. 5887 
when the conditions were .60°F, 14. 735 psia. Gas analyses from one specific 
gas field do not remain constant, but vary slowly with time. 
The specific heat of the combustion gas, C , is required in order to 
determine the heat leaving the furnace. The value of the specific heat is a 
function of the gas composition and its operating temperature. The method by 
which the specific heat of the combustion gas is obtained is presented below. 
The fuel composition is recorded in columns 1,2, and 3 of Table 5.1 as 
mentioned previously. 
The combustion constants are obtained for 100% total air in units of mole 
per mole combustible. These constants are recorded in columns 4 and 5 of 
Table 5 .1 . 
The amount of the oxygen and dry air required for the complete 
combustion of the various constituent gases of the natural gas is then computed 
and given in columns 6 and 7 of Table 5.1 in units of moles per 100 moles of 
fuel. For example, consider the constituent methane, CH., since there are 
95. 23 moles of CH per 100 moles of fuel the O required is 2. 0(95. 23) = 
190.46 moles. The dry air required is 9. 53(95. 23) = 906 moles per 100 moles 
of fuel. 
TABLE 5. 1 
FUEL COMPOSITION AND COMBUSTION REQUIREMENTS 
1 
Fuel 
C o n s t i t u e n t 
Oxygen 
Carbon Dioxide 
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From the results of these computations it is noted that for 100 moles of 
fuel, 207. 515 moles of O are required. 
Lt 
Table 5.2 lists the mole composition of the fuel. The hydrocarbon 
constituents are listed in columns 1 and 2. The number of moles of carbon, C, 
per 100 moles of fuel is listed in column 3. It is obtained as follows { for 
100 moles of fuel there are 95.23 moles of methane, CH., and hence 95. 23 
moles of carbon. For 100 moles of fuel there are 2. 99 moles of ethane, 
C„H„, and since there are 2 carbon atoms in each molecule of ethane, there 
2 6 
are 2(2. 99) = 5. 98 moles of carbon for each 2. 99 moles of ethane or 100 moles 
of fuel. 
Column 4 of Table 5.2 is obtained in a similar fashion. For example, 
there are 0.14 moles of iso-butane per 100 moles of fuel. Since there are 10 
atoms of hydrogen in each molecule of iso-butane and 2 atoms of hydrogen in 
molecular hydrogen, there are 10(0.14)/2 = 0. 70 moles of H per moles of 
Li 
fuel. 
Hence for 100 moles of fuel, there are 204. 64 moles of H and 105.23 
Li 
moles of C. 
Next the analysis turns to the determination of the flue (combustion) gas 
composition. The constituents of the fuel are burned and yield new products of 
combustion. 
Carbon burns and yields carbon dioxide, CO . Since 1 mole of carbon 
Li 
yields 1 mole of carbon dioxide upon combustion, and there is 1 carbon atom in 
each CO molecule, the number of moles of carbon per 100 moles of fuel also 
equals the number of moles of carbon dioxide formed. Hence from the fore-
going discussion, and Table 5. 2, 105. 23 moles of CO are formed per 100 
Li 
moles of fuel. 
The natural gas had 0. 31 moles CO per 100 moles fuel as given in 
Ci 
Table 5.1 and there was negligible sulfur content which when burned forms SO . 
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Thus the total CO +SO in the flue gas is 105.23+. 31=105. 54 moles per 100 
Li Li 
moles of fuel. 
The nitrogen, N , in the combustion gas is obtained from column 3 of 
Li 
Table 5.1 and is 0. 32 moles per 100 moles of fuel. 
Next the amount of oxygen required for the computed amount of CO that is 
Li 
obtained by burning the carbon is taken as 105. 23 since there are 2 atoms of 
oxygen in each molecule of CO and there are 2 atoms of oxygen in O . 
Li Li 
To determine the amount of oxygen required for the H O formed by the 
burning of H , look at the resultant sum in column 4 of Table 5.2 where it is 
Li 
noted that 204. 64 moles of H exist per 100 moles of fuel and when the H 
Ci Ct 
burns H O is formed. Since there is 1 atom of oxygen per molecule of H O and 
Ct £u 
there are 2 atoms of oxygen in O , there is 204. 64/ = 102. 32 moles of O 
Li Li Li 
required to burn the H . 
Li 
Hence the total oxygen, O , required is 105.23+102. 32 = 207. 55 moles per 
Ll 
100 moles of fuel. 
The total nitrogen, N , supplied is equal to 3. 76 (O required) or 
Li Li 
3. 76(207. 55) = 782 moles N per 100 moles of fuel. 
Li 
The total dry air supplied for the combustion process is thus 207. 55+782 = 
989. 55 moles dry air per 100 moles of fuel. 
The water, H O , in the air supplied for the combustion process is 
92 o 
computed using a standard multiplying factor of 0. 0212 for air at 80 F and 
60% relative humidity. Hence the H O in the air is 0. 0212(989. 55) = 21. 
Li 
This water is combined with the water, H O , formed by burning H which 
Li dt 
was 204. 64 moles per 100 moles of fuel to yield the total H O as 204. 64+21 = 
Li 




From these values of the composition of the wet flue gas the total amount 
may be calculated as shown in Table 5. 3. 
TABLE 5. 3 














The percent moisture in the combustion gas is given by the following 
equation, with data from Table 5.3. 
225 64 
% moisture = ^ ^ 1 8 (100) = 20. 3% 





















bisture in combustion gas 
4000 6000 2000 
2225 
t +1 = Sum of entering and leaving temp. , ° F 
1 " 
Fig. 5. 3 Approximate mean specific heat of combustion gas. 
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T = 2155°F = value of furnace exit temperature given 
T = 70°F = value of atmospheric temperature assumed 
Li 
T +T =2225°F 
J. Li 
Tvhi 
The value of C =0 . 335 rrn.^ from Fig. 5. 3 
pg lb F 
btu 
The value of specific heat used in the simulation is 0. 34 TToV, 
Later in the discussion, it will be shown that based on a heat balance, the 
furnace exit temperature will actually be used as 2190°F rather than 2155°F. 
The preceding analysis of the combustion gas allowed the computation of 
the specific heat of the gas. This is required in order to determine the por-
tion of the total heat liberated by the combustion process that leaves the 
furnace. It is assumed that within the furnace itself, where the tube walls are 
exposed to the free flame, the heat is transferred entirely by radiation. 
Whereas in the sections of the boiler which are shielded visually from the 
actual flame caused by the combustion process, the heat transfer is assumed 
to be entirely by convection. 
There is only one lump in this simulation which is a combination of the two 
modes of heat transfer. That is lump 10, the platen and finishing superheater. 
The reason it is heated as a combination is due to its placement, as seen in the 
side elevation of the plant, Figure 1. 3. The platen portion of this superheater 
overhangs and is in view of the flame and hence is subject to radiative heating. 
Table 5.4 below summarizes the heating that is done by the combustion 
gases and also by other heat sources throughout the steam generator. 
The amount of heat that is transferred from one substance to another is 
determined by a variety of factors, but in a most general way may be 
described as heat flowing from a relatively warmer substance to a relatively 
colder substance. 
The analysis of the flame in combustion and specifically the determination 
of its temperature and the subsequent determination of the temperature of the 
99 combustion gases by rigorous methods is difficult, inaccurate and beyond the 
98 
TABLE' 5. 4 





















































































































scope of this work. Since the determination of the combustion gas temperature 
would lead to the most obvious solution of the heat flux into the working fluid, 
an alternate solution had to be obtained. 
Data was obtained that related the heat flux from the combustion gases at 
full load operation to the various lumps of the steam generator. 
Table 5. 5 below is that data. The table is divided into two parts , 
radiative and convective heat transfer, so note that lump 10-a is convective and 
lump 10-b is radiative heat transfer. 
From Table 5. 5 it is seen that at full load, (i. e. , with rated conditions) 
the total heat transferred by the combustion gas to the lumps given is 
fi 
4581. 5x10 btu/hr. While the air heater also utilizes heat taken from the 
combustion gases and transferred to the atmospheric air that is used for 
combustion, it is assumed in this study that it has a negligible effect on the 
process simulation. Economically, of course, it is important to preheat the 
air in this way, prior to combustion. 
The next question that naturally arises is ; how is the heat distributed 
under different conditions of load and more particularly during the transient 
periods? In answer to the first part of the question, it is assumed that the 
same distribution ratio of heat flux would exist on any load as would exist at 
full load. This assumption is based on the premise that in a steady-state 
condition the temperature profile in space of the combustion gases would be 
essentially the same for any load, as will be the temperature profile of the 
working fluid. Then since the heat transfer is proportional to the temperature 
difference, the ratio of the heat flux into one lump to the total heat transferred 
by the combustion gas will be constant. 
In regard to the last part of the above question, the transient effect of the 
heat flux would be determined by the density and velocity of the combustion gas. 
Basically, the problem is that after changing the firing rate , in changing the 
amount of fuel burned, there will be a time delay before the various lumps 
notice the change. That i s , the lumps further along the cqmbustion gas flow 
path (see Figure 1. 2) will not experience a change as rapidly as lumps early in 
TABLE 5. 5 

















Total Convective Heat Transfer 
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319 x 106 
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Total Radiative Heat Transfer 
Total Heat Transferred by Combust 
199.5 x.lO6 
391 x 106 
359 x 106 
398 x 106 
319 x 106 







the combustion gas flow path. The average density of the combustion gas is 
much smaller than the average density of the working fluid and it moves at much 
higher velocities. The velocity of boiler circulation is less than 700 ft/min, 
steam in superheater tubes is 2,000-5,000 ft/min while the combustion gas has 
a velocity of 3,000-6,000 ft/min. (See pp. 8-10, reference 92) 
It is then reasonable, as was done in this simulation, to assume that the 
dynamic effect of the combustion gas could be neglected. Thus when the firing 
rate is increased the increase in heat flux will be observed at each lump 
simultaneously. 
Referring back to the previous analysis of the fuel, it was found that the 
3 
heat value of the natural gas used in the simulated plant was 1071 btu/ft. . The 
total value of heat liberated in the combustion process is thus obtained by 
knowing the fuel flow. Equation (5.1) below gives this relation. 
QG=(WNG) (HC)/3600 (5.1) 
where 
QG = Total heat liberated (btu/sec) 
WNG = Flow of natural gas (ft3/hr) 
HC = Heat value of fuel (btu/ft3) 
The full load (560 MW) value of fuel flow is 5xl06ft3 /hr so the heat 
6 9 
liberated by combustion at full load is QG = (5x10 ) (1071) = 5. 36x10 btu/hr or 
QG = 5. 36xl09 /3. 6xl03 = 1.49xl06btu/sec. 
Comparing this result with that indicated in Table 5. 5, it is observed that 
there is an excess amount of heat generated over the heat that is actually t r ans -
mitted to the water and the steam. This may be accounted for in the heat lost 
due to leakage from the furnace, heat exhausted to the atmosphere through the 
stack, heat that is used to heat the incoming air in the air heater and heat 
transferred from the furnace and other equipment to the atmosphere by condu-
tion. 
The difference in the total heat liberated and that absorbed by the process 
as simulated is called excess heat. Using the values just cited, the excess 
heat at full load is given by the following equation. 
6 
QE =QG-4581.5xlO btu/hr (5.2) 
6 6 btu 
QE = (5360-4581.5)10 btu/hr = 778.5x10 "— 
hr 
At this point note that the thermal efficiency, 1\ , equals the heat flux 
utilized divided by the heat flux generated and in this case becomes, 
n = 1 i r 100 = 85.3% 
Also, another useful computed quantity is the heat rate and could be 
computed from the results of the simulation. 
HR = (QG/POWER) (5.3) 
where 
HR = Heat rate (btu/hr-kw) 
QG = Total heat liberated (btu/hr) 
POWER = Output power 
At full load HR = 4581.5x 10 /560 = 8190 btu/hr-kw. The lower the heat 
ra te , the better (more efficient) the unit. 
From the discussion earlier, it is evident that the total heat liberated by 
combustion equals the sum of radiative, convective, and excess heat. This is 
shown in equation (5.4). 
QG = QR + QC + QE (5.4) 
Let QC + QE = QCT where QCT represents that portion of the heat flux 
liberated by combustion that the combustion gases still contain when they leave 
the radiative portion of the furnace. 
The heat content, as it is called, of the combustion gas leaving the furnace 
may be computed using an equation that utilizes a knowledge of the combustion 
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gas mass flow and the furnace exit temperature in addition to the value of the 
specific heat that has already been computed. 
The equation (see p. 6-28, reference 30) is given as 
QCT = WG(1) (CPG) (TG-70)/3600 (5. 5) 
where 
QCT = Heat content of gas leaving furnace — 
WG(1) = Combustion gas flow (lb/hr) 
CPG = Specific heat of combustion gas (btu/lb- F) 
TG = Temperature of combustion gas at furnace exit (°F) 
From design data it is known that the mass flow of the combustion gas at 
rated conditions for the simulated unit is 4,509,000 lb/hr. That i s , WG(1) = 
4,509,000 lb/hr = (4,509,000/3600) lb/sec = 1252 lb/sec. 
As mentioned earlier in this discussion of the combustion process the 
determination of the temperature of the combustion gases was not done in this 
simulation. 
The value of the temperature of combustion gas at furnace exit (TG) was 
obtained from the manufacturer as a representative value for full load condi-
tions , and since the flame temperature remains essentially constant and the air 
flow is controlled in conjuction with the fuel flow, it is further assumed that 
TG (furnace exit temperature) remains constant for all loads simulated. 
The value of TG obtained was 2155°F, but this value had to be adjusted 
slightly in order to provide for a proper heat balance. As will be seen later, 
the problem of tuning the control system with the process is more critical than 
one would at first imagine. 
The method of computation of the corrected value of TG is given in the 
following discussion. 
From equation (5.4) 
QC+QE = QCT = QG-QR (5. 6) 
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From Table 5. 5, QR is given as 2110. 5x10 btu/hr at full load. 
Equation (5.1) gives the relation for QG and just following that equation it is 
seen that QG = 5360x10 btu/hr at full load. Hence equation (5. 5) becomes 
QCT = QC+QE = QG-QR = (5360. -2110. 5)xl06 btu/hr 
QCT = 3249. 5xl06 j — - = WG(1) (CPG) (TG-70.) 
Since WG(1) = 4. 5 0 9 x l 0 6 ~ and CPG = 0. 3 4 ~ ^ - f r o m earlier discussions, 
the value of TG may be computed. Hence 
3249. 5xl06btu/hr = (4. 509xl06 j^) (0. 34 j ^ ; ) (TG-70. )°F 
From which, TG = 2190. °F . This value is subsequently used throughout 
the simulation study for all loads. 
The excess heat, QE, leaving the furnace has been computed earl ier for 
full load conditions as 778. 5x10" -—. Since the heat flux is directly propor-
tional to the total combustion gas mass flow, the value of excess heat at other 
loads may be computed from the equation below. 
WG(1) 778.5x10 btu 
Q 4. 509x10°ik- 3600£S£ hr 
hr hr 
(WG(1))(778. 5) btu 
^ (4. 509) (3600) sec 
where WG(1) is the combustion gas mass flow (lb/hr). 
Hence the value of the convective heat transfer may be obtained for any 
load. In the computer program, it is in block 18, which is given as in 
equation (5. 7) 
Q C = Q C T_(WG(1))(778.5) 
Q C Q C T (4.509) (3600.) ( 5 l 7 ) 
The value of the combustion gas mass flow is obtained for this simulation 
from the value of required fuel flow. The variable name for fuel flow is WNG 
and its units are ft /hr as mentioned earlier. The fuel to air ratio is assumed 
constant so that with a change in the fuel flow, a corresponding change occurs 
in the air flow to the furnace. Hence when the fuel is burned, yielding combus-
tion gas, there is a direct relationship between the amount of combustion gas 
and the amount of fuel burned. 
This relationship may be derived as follows. From the actual plant data 
obtained during a test run, the values of measured combustion gas flow and fuel 
flow were recorded as a function of the load of the unit. The combustion gas 
flow was measured at an orifice in the stack by three recorders, whose outputs 
were sent to the logging computer and the weighted average taken as the correct 
value. Due to the variable parameters, the measurement is considered to be 
only an approximate value. 
The simulated plant has a digital computer that is used for data, logging, 
various computations and in addition has backup control system capability. It 
has the capability of logging approximately 600 plant variables that are either 
measured directly or are internally computed. Each of these has a computer 
name that is a combination pneuomic name and code number. For example, 
the measured combustion gas flow is labeled BFOOX, the generated power is 
GE03A and the flow of natural gas (fuel flow) is FF06X. Table 10.1 gives a 
complete listing. The plot below in Figure 5.4 relates measured combustion 
gas flow with generated power as obtained from test run number 9. 
By inspection of the test data in Figure 5.4, it is observed that the 
relation is linear and the equation relating the variables is given by 
equation (5. 8) 
AWG = 1 2 ° ; S*00 POWER+30,000 lb/hr (5. 8) 
where 
AWG = Combustion gas flow 
Also on the same figure is the relationship obtained between the natural gas 
(fuel flow) and the generated power. It too is linear, and with the same slope 
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Fig. 5. 4 Combustion gas and fuel flow - MW 
WNG = 1 2 0 ' ° 0 0 POWER-170, 000ft3/hr 
Solving for POWER in equation (5. 8) 
13 POWER = (AWG-30, 000) 1 2 0 ) 0 ( ) 0 
Substituting this value into equation (5. 9) results in 
(5.9) 
(5.10) 
WNG = ( ^ f - ° ) ( - ^ - 0 ) (AWG-30,000)-170,00<>£ 




As an example consider the fuel flow at rated load (560 mw) where 
(5.11) 
(5.12) 
WNG- 5,000,000 ft /hr . 
Then from equation (5. 12), AWG = 5,200,000 lb/hr. 
Now recall that this is only an approximate value of the combustion gas 
flow. Assuming that there is no loss of combustion gas along the furnace path, 
then the actual flow is equal to WG(1) as given earlier as 4,509,000 lb/hr. So 
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the measured value is higher than the actual value. Hence assuming linearity, 
WG(1) may be obtained from the following equation 
WG(1) = (AWG) (4. 509/5. 20) (5.13) 
Combining equation (5.12) and (5.13) the relationship between fuel flow and 
combustion gas flow is obtained. 
WG(1) = (WNG+200, 000.) (4. 509/5. 20) lb/hr (5.14) 
In Figure 5. 5 below, a block diagram summarizing the determination of the 
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Fig. 5. 5 Block diagram of heat flux computation 
The portion of the heat flux passing into any one lump at a specific load is 
thus found by first determining the amount of convective (QC) and radiative (QR) 
heat flux that is produced by the particular fuel and air flow and then the proper 
ratio is selected based on the steady-state heat balance. Table 5. 6 below 
illustrates this, using full load data obtained from a heat balance. From 
TABLE 5.6 






























































































(0.195) QC + (0.21) QR 
(0.35) QC 
Table 5. 5 it is found that the total radiative heat flux (QR) equals 
2110. 5x10 btu/hr and the total convective heat flux (QC) equals 
2471. xlO btu/hr. 
In this simulation, the control of the flow of combustion gases flowing over 
the primary superheater and reheater is considered. There is a damper in the 
upper part of the rear of the boiler that can be adjusted to direct the combustion 
gases over the two heating surfaces with different ratios. This damper is 
adjusted by the control system whereby a particular demand signal is fed to the 
damper actuator and an appropriate ratio is obtained. This actuating signal 
will be described in more detail in the chapter dealing with the control system. 
The amount of damper action depends on the load (i. e . , generated power) 
and its relation to the demanded load. The control system signal that ulti-
mately directs the damper is obtained in the Reheat Steam Temperature Con-
trol section of the control system. Its label is DDEC and is described in detail 
later. 
The action of the dampers provide a diversion of the main stream of 
combustion gas flow, WG{1), into two separate combustion gas flows. As seen 
from Figure 1. 2, part of the combustion gases flow over the rear heating sur -
faces of the rear part of the furnace, which is the primary superheater. This 
combustion gas flow is labeled WG(2). The remainder of the combustion gas 
flows over the reheater which is located in the front of the rear portion of the 
furnace. Its heating combustion gas is labeled WG(3). See also Figure 1. 3. 
There is no exact relationship known for the damper action or the relation 
of the damper action to the combustion gas flow in the two paths. From opera-
ting experience it is known however that for higher loads, near the full load 
operating point, there is relatively more combustion gas flow over the primary 
superheater, as compared with that flowing over the reheater, than there is at 
lower loads. The converse is also true at low load levels, below 50% load. 
This is illustrated in Figure 5. 6 below. 
From Table 5. 6 it is seen that at full load the heat flux into the reheater, 
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Fig. 5. 6 Damper action for combustion gas 
QW(1,12) =0 . 35QC 
560 
(5.15) 
Likewise the heat flux into the primary superheater is 0.161 times the 
convective heat transferred. 
QW(1,9) =0.161QC (5.16) 
Figure 5.7, below, illustrates the effect of the damper action. R12, 
marked on the diagram, is developed subsequently and is a ratio that is greater 
than 1 for loads between no load and full load. At full load R12 = 1 in order to 
satisfy the heat balance requirement. 
Writing the equations for the combustion gas flow from the information 
given in Figure 5. 6 yields: 
WG(2) = WG(1) (0.48+°^°pDDEC) (5.17) 
where 
DDEC = adjusted load demand 
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Fig. 5. 7 Damper action for heat flux 
WG(2) = combustion gas flow over primary superheater 
WG(3) = WG(1) (0: 52-°^pDDEC) (5.18) 
where 
WG(3) = combustion gas flow over reheater 
The ratio of the combustion gas flow of the reheater to that of the primary 
superheater gives a relationship by which the damper action can be simulated. 
If this ratio is normalized to full load demand, 560 mw, the ratio R12 is 
obtained. 
R 1 2 WG(3) W G ( 1 ) ( . 5 2 - ( J ^ ) D D E C ) 




DDEC = 560 mw 
R 1 2 = (-52-0.04DDEC/560.) 
(.48+0. 04 DDEC/560.) (0.48/0. 52) v ' ; 
The heat flux equation for lump 12, the reheater, becomes 
QW(1,12) .= (R12) (0. 35)QC (5. 20) 
From Table 5. 6 it is seen that there is another constraint on the heat flux 
equations, namely, that 
QW(1,9)+QW(1,12) = (0.161+0. 35)QC 
QW(1,9)+QW(1,12) = 0.511QC 
Hence the heat flux for the primary superheater is given by the following 
equation 
QW(1, 9) = (0. 511QC) -QW(1,12) (5. 21) 
If more exact information is available, the above equations may be 
adjusted for the simulation of the dampers. 
CHAPTER 6 
TECHNIQUES USED FOR THE SOLUTION 
OF THE PROCESS EQUATIONS 
As described earl ier , in a previous section, the fundamental equations 
describing the process may be expressed as an ordinary differential equation 
of the first order. One of these equations relates the enthalpy to time and the 
other is the relationship between the wall temperature and time. The enthal-
pies and wall temperatures are the dependent variables with the time being the 
independent variable. In the solution of the process equations, the equations 
are considered to be of the initial value type. That is to say, the values of the 
independent variables are assumed to be known at the beginning of the solution 
time. 
This type problem may be stated as follows: given a particular point, 
(t , h ) and a differential equation, dh/dt = f(t, h), find the unknown function, 
h(t), which passes through the initially known point, t , h , and has the deriva-
tive, dh/dt = f(t,h). The desired solution, h(t), is the curve which passes 
through the point, (t , h ), with a derivative dh/dt = f(t, h). This value of the 
derivative is equivalent to the slope of the solution curve at any point, (t, h), on 
the curve. 
The reason for using a numerical solution for the solution of these 
differential equations is due to the fact that the equations are very difficult, or 
impossible, to solve analytically. While there are a number of different 
methods available for the numerical solution of the differential equations and the 
various methods have varying degrees of sophistication and accuracy, only two 
methods have been investigated for this process. Specifically, the Euler 
method and the Runge-Kutta method, have been utilized. The program, as it is 
113 
presently set up, uses the Runge-Kutta, the third order method, and a brief 




Referring to Figure 6.1 which represents the solution of the equation, the 
points, t and HO , are noted on the figure. In this case, consider that 
o o 
equation (6.1) is satisfied and the initial conditions are given as H = HO at 
T = t and it is desired to find the value of H when T = t +DTIME. The mitial 
o o 
conditions are given by the point, P I , in the figure. The length, Kl , can be 
found from a knowledge of the equation (6.1), as is illustrated below for the 
particular variables under consideration. 
*o V *« f DTIME 
1/2DTIME 
Line Ji to L3 
through PI 
L3 Line tangent 
1/ to 3 at P3 
Line U to L2 
through PI 
L2 Line tangent 
to 2 at P2 
LI Line tangent 
to 1 at P I 
-> 
Time 
Fig. 6.1 Technique used in Runge-Kutta solution 
Consider the actual equation, as represented earlier in the process. This 
is equation (6.2). 
dh 
-JT = —(Q-W(h -h.)) (6.2) 
dt m o 1 
The value of Kl is shown on the figure to be a very rough approximation of the 
actual functional value at a time, t +DTIME. In this case, Kl is given by 
equation (6. 3): 
Kl = DTIME (f (t , HO )) (6. 3) 
The value of the estimate is equal to HO +K1 and is a poor approximation of 
the desired function. Hence, a new estimate, K2, is found using the following 
equation 
K2 = (DTIME) (f (t +|DTIME, HO + jKl}) (6.4) 
There are three curves shown in the figure, curve 1, curve 2, and curve 3, 
with only curve 1 being a member of the family of curves representing a solu-
tion of equation (6.1) which actually passes through the initial value point. The 
point P2 lies on the tangent to curve 1 which has a tangent at point PI and the 
value of the H coordinate of P2 corresponds to the HO + (1/2) Kl. 
It is recognized that this point, P2, is not on the curve PI , but is on a 
different curve of the family of curves. It would have been desirable to have 
been on curve 1, but at this point in the solution the H value or the value of the 
independent variable is not known at the value of T = t + (1/2)DTIME. A tan-
gent to the new curve is then taken at the point, P2, and a line, which is para l -
el to this line, is then constructed passing through the initial point, P I . This 
line then intersects the vertical line at t + DTIME, at a value of HO +K2, as 
o o 
shown in Figure 6 .1 . 
The method of Runge-Kutta utilizes an average value of the gradient at the 
three points indicated, P I , P2, and P3 , of the lines L1 , L , and L marked on 
X Li o 
Figure 6 .1 . This average is an average of the three slopes, one at the initial 
point, one at the center, and one at the end of the time interval. The third 
slope is taken from a curve above curve 1 (that is, curve 3) and the other slope 
was taken from curve 2 which appears in Figure 6.1 below curve 1. Since the 
point (t + DTIME, HO +K2) is indicated nearly on the curve 1 and HO = 
HO + Kl is below curve 1, as indicated with this family of curves, then HO = 
HO +K2 + (K2 -Kl) should be above curve 1. This is due to the fact that K2 -Kl 
is a positive number. Hence for point 3, HO = HO +2K2 - K l and point 3 is 
taken as coordinate (t + DTIME, HO + 2K2 -Kl) . The tangent to curve 3 at 
P3 gives the line L , then the value of K3 is obtained as illustrated in 
Figure 6.1 by drawing a line parallel to L through PI . 
K3 = PTTME) (f (t + DTIME, HO +2K -K )) (6.5) 
Equation (6.5) gives the value for K3. Generally, the value of HO can then 
be computed from the initial value HO + a weighted average of these values of 
o 
K. This is derived analytically by taking an equation such as equation (6. 6) and 
Kl 
expanding the functions — , K2/ AT, K3/ AT in a Taylor ser ies about the point 
t , h and then substituting these values back into equation (6. 6) getting a num-
ber of coefficients as functions of a's and b ' s . 
h =h +a, K +a„K +a„K„ (6.6) 
1 0 1 1 2 2 3 3 x ' 
where 
Kx = ( At) f (tQ, hQ) 
K2 = (M)f( t o + b A t , h ( ) + b 2 K 1 ) 
K 8 - ( / » ) f ( t 0 + b 8 A t , h o + b 4 K 2 + b 5 K 1 ) 
Then the Taylor series expansion, shown in equation (6. 7) is compared term by 
term with equation (6. 6) and the constants are solved for equation 6. 7. 
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K = n +^r 
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The result is given as equation (6. 8) 
HO = HO + -(Kl + 4K2 + K3) (6. 8) 
O D 
where 
Kl = DTIME f f ( t , H O ) ] 
K2= DTIME [T(to ++ DTIME, HO + ^ KIM 
K3= DTIME [f(t +DTIME , HO +2K2-K )1 
Thus equation (6. 8) is the third order Runge-Kutta formula. 
The labels of the constants used in the computer program are DTWR, 
mnemonically representing ATW, Runge-Kutta method, and DHOR, represent-
ing A HO Runge-Kutta method. The method of solution is indicated in the block 
diagram in Figure 6. 2 where it is seen that the loop is completed 3 times in 
order to compute the three separate constants required for the Runge-Kutta 
third order method. Firs t , the subroutine, TSSPH, is called to obtain the out-
put temperature of a lump corresponding to the pressures and enthalpies at a 
particular point in question. Then, the value of heat flow into the water or 
steam of the lump is computed which is a function of the wall temperatures and 
output temperatures. Then the respective constants, DTWR and DHOR, are 
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CH DO 40 J l = l , 3 Call TSSPH T O ( J l , N ) Q(J1,N) = f(TW, T O ( J l , N ) ) ~0 





J l £ 3 
J l < 3 
T W ( 2 , N ) = 
T W ( 1 , N) + 













(D. (1) + 4D. (2) + 










p . (1) + 4D.(2)+ 
D . ( 3 ) ) / 6 
Fig. 6. 2 Block d iagram of Runge-Kutta solution procedure 
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sfrf 
computed. Following this, the logic leads to the determination of the ordinate 
values corresponding to the points P2 and P3 in Figure 6 .1 . These are r ep re -
sented by TW(2,N) and TW(3,N) and HO (2, N) and HO (3,N). 
It should be noted that the detail of the computation is illustrated in the 
computer program listed in a latter section. The new value of wall tempera-
ture for each lump is then computed using equation (6. 9). 
TW(1,N) = TW(1,N)+^((DTWR(1) + (4)DTWR(2)+DTWR(3)) (6.9) 
b 
The incremental value of enthalpy is computed as given in equation (6.10) 
INCRHO - INCRHO + D H O R < 1 > + (4)DHDH(2) + DHOR(3) 
6 
Since the simulation is done using the enthalpy increment whereby the initial 
enthalpy into the system is computed as described in the section on feedwater 
heaters using the heat balance computation and then the succeeding values of 
enthalpies are changed according to the figure shown below which is Figure 6. 3. 
1 2 3 
Lumps 
Fig. 6. 3 Enthalpy increment 
After the enthalpy increment is computed, the output enthalpy of a respective 
lump may be computed using equation (6.11) 
HO(l, N) = HO(l, N) +INCRHO (6.11) 
In a way of comparison, the two methods used in the process, as mentioned 
earlier, were the Euler method and the Runge-Kutta method of solution of 
differential equations. Both methods yielded fairly comparable results with the 
proper choice of step size. With the Euler method the step size should be 
approximately 0.1 second in order for a stable result to be obtained, while, 
with the Runge-Kutta third order method, the time step could be approximately 
0. 5 second. 
Both of these types of methods are considered one step methods rather 
than multi-step methods. The one step method of numerical solution is one 
that uses an algorithm as demonstrated earlier, where only one point is 
required and the step size, AT, is known. These methods have the advantage 
that they are self-starting methods whereas the multi-step methods require the 
step size A T and more than one point, and hence, in order to start these 
methods for initial value problems, a method utilizing a one step method must 
be used such as the Runge-Kutta method which has been described. 
The advantages of using a multi-step numerical method for the solution of 
differential equations would be that there might be less chance for propagation 
of error in the solution and also that there could possibly be a more efficient 
use of the programming technique to utilize less computer time and less com-
puter storage. However, these other methods were not investigated in this 
study. Other references could be used such as listed in the bibliography for 
further information relative to these more sophisticated methods of solution. 
In the control system part of the simulation, it was noted that there were 
many integrators utilized in the simulation of that part of the plant. In that 
section, the method of integration which was used was one utilizing the trapa-
zoidal rule, and with that process, accurate results could be obtained in the 
integration only by using a smaller time interval than was used with the Runge-
Kutta technique. In the case of this simulation, a time step of 0. 01 second was 
used in relation to the control system, and the trapazoidal rule was used as 
follows. 
Consider for example the integrator from block 7 in the control system 
which gives the function DEMW2. Equation (6.12) is the method by which the 
integration is carried out. 
DEMW2 = DEMW2 + (B 1 * B 1 A J Tl ( ^ ) (6.12) 
B1A = Bl 
Figure 6.4, below, illustrates the basic technique in the integration that is 
involved with equation (6.12) 
Megawatt 
er ror limited 
t .+ 2 Time 
Fig. 6.4 Trapazoidal method of integration 
CHAPTER 7 
DESCRIPTION OF THE CONTROL SYSTEM 
Basically there are two distinct systems in the simulation of the 
once-through supercritical steam generator. These two systems are classified 
into: (a) the physical process of generating the steam and using this generated 
steam for production of power, which is the desired purpose of the plant, and 
(b) the control system, which must function to control the process in a manner 
in which the plant can operate in a safe fashion and with a desirable level of 
performance. 
The description of the process has been given in the previous sections and 
it is the purpose of this section to consider in detail the structure of the control 
system for the simulated plant, and to investigate the manner in which it was 
simulated for the digital computer. The approach to the analysis and simula-
tion that was used,was to obtain the circuit descriptions of the various control 
phases and to simulate these controllers in individual blocks in order to p r e -
serve the separate functions that each block performs. The various blocks 
which will be considered in sequence are block #7 of the computer block dia-
gram, which is the unit load demand development; block #8, which is the 
integrated boiler turbine master; block #9, which is the feedwater flow control; 
block #10, which is the firing rate calibration; block #11, the spray valve con-
trol system; block #12, the fuel flow control; block #13, the air flofw calibration 
and air flow control; and finally, block #14, which is the reheat steam tempera-
ture control circuit. Each of these blocks serves as a link between the desired 
control and the process itself, and as will be seen later, there are certain 
links between. the control system and the process itself, such as to make the 
control and the process work simultaneously in order to give the satisfactory 
operation for the plant. 
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In the consideration of a control system, the controllers which are used 
are commonly classified with four types according to the response which they 
give to an er ror signal. The response to a sudden change in an input error 
signal may be classified as : 
1. Proportional 
2. Reset 
3. Rate action 
4. On-off 
The proportional action yields an output which is proportional to the error . 
The reset action yields an output which is proportional to the integral of the 
e r ror which appears as a reset action of the set point. In terms of the subse-
quent discussion this will be referred to by a certain number of repeats per 
minute which will be described later. The rate action yields an output which is 
a function of the rate of change of the er ror . 
The fourth classification of control mentioned is on-off control. This 
control is the type of control of which a familiar example would be that of a 
refrigerator or air compressor where the unit is either full-on or full-off and 
the response of the control follows this value and maintains an approximate 
steady state value, depending upon the controller action. There is a sustained 
oscillation of the controlled variable, such as temperature, which is character-
istic of the on-off control device. The oscillation in the on-off controller is due 
to the natural set points at which the device is turned on or off by the control 
system. 
In the development of control systems, the next logical approach is to 
continuously relate the controller action to the controlled variable or function 
and the easiest way to do this is to take a control signal that is directly propor-
tional to the controlled variable. This control is then called proportional 
control. The definition of proportional control is that in which any change in 
the measured value of the controlled variable causes a control action to be 
taken that is proportional to the deviation from thejset point. 
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In terms of using the proportional control, as mentioned earl ier , an 
error signal is obtained which is the difference in the desired value of the 
controlled variable and the actual value of the controlled variable. Let this 
difference be called e, which is the applied control variable and let the response 
be R. Then an equation can be written which relates the control variable to the 
process. The equation is (7.1) 
R a (e) (7.1) 
where 
R is the controller response 
e is the deviation in the process variables between their set points and 
actual values 
a is the proportionality ratio 
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Fig. 7.1 Block diagram of proportional control 
The process will remain in a correct stable condition if it is adjusted so 
that the actual value is exactly equal to the set point value and yields 0 error , 
e and, hence, 0 proportional control, R, at all times when the process is 
balanced. If the conditions of the plant or process change for that particular 
setting of the process regulator, which is PR, the actual value, T , as seen in 
Figure 7 .1 , will deviate from the set point value and give r ise to a continuous 
offset value, and hence as the process changes an adjustment must be made to 
the set point or to the measured value from the process to give the right value 
for the process variable. 
Describing the offset again, Figure 7. 2 shows the proportional control 
offset. Consider the process set point, T , which takes a step down, at time, 
t 
t , to a value T then the comparable process variable, T . , will have a 
T o i 












T | Process 
t „„ T ^~ Set point Offset required to 





Fig. 7.2 Proportional control offset 
The process regulator will have a particular position corresponding to the 
initial set point value and the proportional control unit will move the process 
regulator position, as shown in Figure 7. 3. In this case, the process variable, 
T , is going down and let it be assumed that this requires the process regulator 
position to be of a higher value in the steady state. In order for the process 
regulator position to be at a higher value than it was originally, there must be a 
steady state error created, for if there were not a steady state er ror , then the 
process regulator position would return to its initial value (call this PR-). In 
order to maintain the new process regulator position, PR2» there is an offset 
required, as shown in Figure 7.2 
In order to overcome the problem of the offset the integral control can be 
used. In the case of the integral control, the process regulator position is not 
g- A o 
•43 3 















*o *1 Time *2 
Fig. 7. 3 Process regulator position 
directly related by a fixed correlation to the actuating signal, or the error , 
e in this case. If an er ror does not exist between the set point value and the 
controlled variable of the process, no corrective action is made. As long as 
an er ror is available at the input to the integral controller, the process regula-
tor is changing its position. Hence, it is impossible for the controlled variable, 
T , to come to a steady state value at any other point than the desired set point 
since the process regulator position, governed by R, will continue to change as 
long as an e r ror input to the controller exists. Hence there can be no offset as 
was the case with the proportional control device. The relationship between the 
variables of the controller are given in equation (7.2). 
dR „ / \ 
dT = - 0 ( e ) 
where 
8 = the integral control factor 
Integrating equation (7.2) yields equation (7. 3) which is 
(7.2) 
R = - eji e d t (7.3) 
Hence, the correction given to the process is proportional to the integral of the 
deviation between the controlled variable and its set point value and hence the 
name of the control is applicable, which is the integral controller. Figure 7. 4 












Fig. 7. 4 Block diagram of integral control 
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Fig. 7. 5 Integral control action 
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The system variables are the set point, T , which illustrates a step change at 
the time t . The process variable which is being controlled follows this 
according to the process equation and is indicated on the figure by T1 . The 
e r ror that is shown is the difference between T and T , and the process regu-
lator position is shown which starts at its initial value and then is changed 
according to the integral of the er ror and multiplied by a constant. The process 
regulator goes to a new process position which is PR0 , from the original pro-
Li 
cess regulator position, PR . It is seen that the offset which was obtained with 
the proportional control is not occurring in this control because the process 
regulator moves to its desired position to accomodate the change in the set 
point. 
The next item to consider is the rate action, or the so called derivative 
control. In the proportional type controllers the value of the process regulator 
position is a function, or is dependent exactly on the measured value of the 
controlled variable, which was considered to be T . With the rate controller 
and integral controller this dependency does not exist. The correction term 
depends on the rate or integral of the deviation. Since this type of controller 
does not use or require a set point it must be used in conjunction with other 
types of controllers. The equation which describes the rate controller is given 
as equation (7.4) 
de 
R = - T ^ (7.4) 
In Figure 7.6, the block diagram of the rate control device is shown. 
Figure 7.7 illustrates the rate controller response. 
With the basic control elements, as described, they can be combined to 
provide a wide variety of different controlling schemes. Of particular interest 
is the proportional plus integral control which is used in the simulated plant 
and will be described at this point. Since there are limitations on the value of 
P the integral control factor, it turns out that the correction of the process 
129 
Correction 
- Y d / d t 
Rate control 
R 




Fig. 7.6 Block diagram of rate control 
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Fig. 7.7 Rate control action 
regulator position is not rapidly available with simply integral control. Even 
though the controlled condition is finally brought back to the desired value, 
after a disturbance as described earlier, there may be a rather considerable 
delay in attaining this. This is a disadvantage in applications where there are 
large disturbances, or disturbances come frequently. For this reason, the 
integral control is used in conjunction with the proportional control in the 
simulated plant. 
The component controls, that is the proportional control and the integral 
control, may be combined in the controlling instrument, in a separate instru-
ment or in the process regulating unit itself. In any case, the integral control 
will continue to give a changing correction to the process regulator position 
which tends to bring the deviation between the set point and the control variable 
of the process to zero. Hence, the offset that was described in relation to the 
proportional control and, as a matter of fact, would be produced by the propor-
tional control is no longer possible with the combined proportion plus integral 
control. The use of the proportional plus integral control is seen in block 8, 
the integrated boiler turbine master; block 12, the fuel flow control; block 13, 
the air flow control; and block 14, the reheat steam temperature control. 
The primary variables which are controlled with the control system are 
given in the following list. 
Throttle valve position 
Feedwater flow 
Spray valve position 
Fuel flow 
Equivalent combustion gas damper position 
Air Flow* 
The list of process variables which are fed back to the control system 
are : 
Throttle pressure PO(l,16) 
Power output of the unit 
Output temperature of the primary superheater 
Primary output temperature of the finishing superheater 
Output temperature of the reheater 
°2* 
* These variables are described in the control system, however, since there 
is an assumed constant fuel to air ratio the actual control of the inlet vanes on 
the fans which provide the air for the combustion process is actually controlled 
in the simulation by virtue of the amount of fuel that is desired; hence, this 
signal is not actually sent to the process system. 
There are traditionally two distinct types of control systems that are used 
in connection with the control of boilers, or steam generators. These two 
modes of operation are the turbine following mode and the boiler following 
mode. The turbine following mode involves the use of control valves to regu-
late the boiler pressure. The demand for a load change is fed directly to the 
boiler through its feedwater pumping and firing rate control. When the energy 
level of the boiler changes there is a subsequent change in the process variables 
such as pressure, temperature and enthalpy. The pressure control senses a 
change and changes the position of the turbine valve to adapt to the load change. 
As mentioned earlier, the simulated plant has a once-through boiler which 
can respond very quickly when the load is changed due to the fact that it has 
little storage capacity to limit its action. This is due in turn to the fact that the 
water side of the boiler is directly connected to the steam side of the boiler and 
hence, there is no cushioning effect such as exists in the case of the drum type 
boiler where a continuous boiling takes place in the water and steam lines and 
superheaters are distinct entities in themselves. The response then of a once-
through boiler is fast, but is still much slower than the pressure control action 
on the turbine valves. Hence this turbine following mode of operation is slow 
but is stable. Figure 7. S illustrates the basic idea of the turbine following 
mode of control systems. 
The majority of conventional drum type boilers are operated in what is 
known as the boiler following mode where changes in the power output of the 
























Fig. 7. 8 Turbine-following type of unit control system 
to the action of the turbine valves with the mass flow rate of the steam 
changing immediately. Consequently, there is an insufficient quantity of 
steam available from the furnace and appropriate control signals must be given 
to the boiler to adjust its operation to catch up with the steam production that is 
required. In addition, the boiler must over, or under, pump and fire to 
account for the energy that has been borrowed from, or deposited in the boiler 
while reaching the new load level. The response of this type of control system 
is fast, but pressure and temperature deviations may be excessive when stored 
energy changes are large. The boiler control must be responsive to these 
changes and stable in order to withstand this mode of operation. The boiler 
following mode is illustrated in Figure 7. 9 
Considering the advantages and the disadvantages of the two modes of 
control; that i s , the turbine following mode and the boiler following mode, and 
realizing the need for varying degrees of compromise between the desire for 






and firing rate control 
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Fig. 7. 9 Boiler-following type of unit control system 
control of the steam conditions in the system, a logical extension of boiler 
control philosophy led to the development of a control system that combined the 
boiler following and turbine following schemes. The result was labeled "the 
integrated control system" which in essence takes the load demand signal and 
applies it to both the turbine and the boiler in parallel, but with the final valve 
position set by the pressure control. When this system is properly applied and 
adjusted it provides the advantages of a rapid initial load response associated 
with the boiler following system and the steady load increase and stability 
associated with the turbine following system. 
In the integrated control system, the maximum use is made of the available 
boiler thermal storage. As will be seen in the subsequent discussion of com-
puter blocks 8,9, and 10, over or under feedwater pumping and firing rate 
transients are proportional to the generation e r ror . Therefore, when the gen-
eration demand level is obtained this action is reduced to zero. For pressure 
control, the pressure deviation is programmed during transients from a func-
tion of the megawatt e r ror , E l , and the available boiler thermal storage that is 
transmitted through the control system. The basic idea of the integrated 





















Fig. 7.10 Integrated control system 
Figure 7.11 shows the integrated control system block diagram and 
indicates the various blocks and shows their interconnection in relation to one 
another. 
The initiating signal is a load demand signal that is obtained from the 
automatic dispatching equipment for the entire power system. This dispatching 
signal is sent to the individual units throughout the entire power system. The 
particular level of load that is desired for the simulated plant comes in over a 
communication link in the form of pulses which have a variable width. These 
pulses, when integrated for a specific length of time, determine the power 
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Fig. 7.11 Integrated control system schematic block diagram 
level change which the unit should accomodate. The pulses are given to either 
raise or lower the generation level of the particular unit. 
This load demand signal is then transferred through the control system to 
the unit load demand development block, shown as block 7. hi the simulation, 
the load demand signal is simply simulated as a step change as desired. After 
appropriate conditioning the signal leaves the unit load demand development as 
computer variable DEMW2 and passes into block 8, the integrated boiler t u r -
bine master block. 
The variables which come from the process into block 8 are POWER and 
throttle pressure. The output of block 8 to the process is the throttle valve 
position, TVPXR, and the output to the other control system blocks are com-
puter variable DEMW4. 
This variable, DEMW4, goes to three distinct blocks of the control system. 
Specifically, the feedwater flow control, block 9, the firing rate calibration, 
block 10, and the reheat steam temperature control, block 14. The output of 
the feedwater flow control block to the process is the computer variable FWRE, 
which is feedwater flow. 
The signal from block 8 passes also to the reheat steam temperature 
control and its output to the process is the computer variable, R12, which is a 
signal which indicates to the process the proportion of the combustion gases 
that should be passed over either the primary superheater or the reheater and 
in actuality the control moves dampers which divert the combustion gases over 
one surface or the other in a varying proportion. This has been described 
earlier in a previous section. 
The signal from the integrated boiler turbine master also passes to the 
firing rate calibration, block 10. Input signals to this block from the process 
are computer variables TO(l, 9) and TO(l, 10) which are the output tempera-
tures of the primary and finishing superheaters, respectively. 
A signal from the firing rate calibration, as computer variable DERER1 
passes into block 11, the spray valve control. The output of the spray valve 
control passes to the process in terms of the computer variable SVP, which is 
the spray valve position. 
Also coming out of block 10 is a signal labeled FRDEMC which passes to 
the fuel flow control, block 12, and the air flow calibration and control, 
block 13. The output of the fuel flow control is a computer variable WNGTH 
which indicates the amount of natural gas that is flowing into the unit to be 
burned in the combustion process. 
The output signal from the air flow calibration and control goes to the 
process in computer variable AFLOW. As mentioned earlier, this variable 
does not actually go to the process in the simulation since a constant fuel to air 
ratio was assumed. 
There are two different types of diagrams which are very useful in the 
detailed description of the control system. Since the simulated plant has an 
analog control system, it was desired to include the block diagram form of the 
control system and in addition to include the analog computer presentation for 
the control system. The first that will be presented will be the analog com-
puter control configuration, and this will be discussed in detail. Each block 
which has been mentioned in connection with Figure 7.11 will be seen to have 
many different signals and with various trimmings, limits, proportional gains, 
resets and other conditioning, as mentioned earlier. Hence the interconnec-
tions between the various blocks will be found to be more numerous than are 
shown in the simplified block diagram just discussed. 
Following a detailed description of each block, as outlined, the other form 
of control system representation will be presented. It will be seen that it will 
have the same essential features as the block diagram has that is described, 
but it gives a different point of view to the descriptions. 
As has already been observed there are a great number of different 
variables involved in a simulation of this magnitude, and the two distinct types 
of variables will be listed in separate tables. Since the immediate discussion 
deals with the control system, the variables which are used in the control sys-
tem are listed below in Table 7.1. In another section a similar list of vari-
ables is given that deals primarily with the process system. In these two 
tables, the variables are described and their appropriate units are given. 
These units are those which correspond to the real process. It is noted that in 
the actual analog control system, voltages are used to represent the process 
variables (voltage levels between +10v and -lOv are utilized). Hence, when 
TABLE 7.1 
COMPUTER VARIABLES USED IN THE CONTROL SYSTEM SIMULATION 
A Parameter for equation of boiler feed pump(rpm) 
AFC Gate provides for the air flow control to be on (1.) or off (0. ) 
the system 
AFI Integrated air flow er ror (K-lb/hr) 
AF LOW Air flow (K -lb/hr) 
AFLOWD Air flow demand (K-lb/hr) 
AL Amplified principle megawatt er ror (psia) 
AL1 Converted calibrated megawatt e r ror (psia) 
AL1U Calibrated megawatt e r ror (MW) 
B Parameter for equation of boiler feed pump (K-lb/hr) 
BB Amplified megawatt error (MW) 
Bl Limited amplified megawatt e r ror (MW) 
B1A Dummy variable 
C Parameter for equation of boiler feed pump (psia) 
CS Gate, provides for the control system to be on or off the system 
CIO Amplified e r ror (E25) (°F) 
DDEC Adjusted boiler demand in reheat steam temperature control 
(MW) 
DEMW1 External megawatt demand (MW) 
DEMW2 Megawatt demand corrected (MW) 
DEMW2A Calibrated megawatt demand (MW) 
DEMW4 TRIM megawatt demand (MW) 
DERER1 Pr imary and final superheater steam temperature er ror (°F) 
DERER2 Calibrated primary and final superheater steam temperature 
and megawatt error (°F) 
DERERT Calibrated primary and final superheater steam temperature 
er ror (°F) 







Megawatt e r ror (MW) 
Principle megawatt e r ror (MW) 
Integrated megawatt e r ror (MW-sec) 
Delayed feedwater flow er ror (K-lb/hr) 




Feedwater flow er ror (K-lb/hr) 





































Final superheater steam temperature error (°F) 
Amplified final superheater steam temperature er ror (°F) 
Dummy variable 
Integrated final superheater steam temperature (°F-hr) 
Fuel flow e r ro r (K-ft3/hr) 
Dummy variable 
Fuel flow regulator (K-ft /hr) 
Dummy variable 
Er ro r between final superheater steam temperature and reheat 
steam temperature (°F) 
Dummy variable 
Air flow er ror (K-lb/hr) 
Dummy variable 
Air flow regulator (K-lb/hr) 
Dummy variable 




Throttle valve position e r ror (p. u.) 
Dummy variable 
Gate provides for the fuel flow control to be on or off the 
system 
Fuel flow demand (K-ft3/hr) 
Integrated fuel flow error (K-ft3/hr) 
Same as DEMW4 
Adjusted boiler demand in firing rate calibration loop (MW) 
Calibrated firing rate calibration demand (MW) 
Calibrated air flow demand (MW) 
Gate provides for the feedwater flow control to be on or off the 
system 
Feedwater flow demand (K-lb/hr) 
Delayed feedwater flow er ror (K-lb/hr) 
Integrated feedwater flow er ror (rpm) 
Feedwater flow (K-lb/hr) 
Parameter for equation of boiler feed pump (K-lb/hr) 
Boiler feed pump speed e r ro r (rpm) 
TABLE 7.1 Continued 
FWVFA Dummy variable 
IBTM Gate provides for the integrated boiler turbine master to be 
on or off the system 
02 Oxygen (constant) 
02SP Oxygen set point (constant) 
OXE Oxygen er ror (constant) 
OXEA Dummy variable 
OXEI Integrated oxygen (constant) 
P50 Amplified air flow er ror (K-lb/hr) 
PBFP Boiler feed pump pressure (psia) 
PBFP1 Parameter for equation of boiler feed pump (psia) 
PC Amplified throttle pressure error (psia) 
PE Throttle pressure er ror (psia) 
PER Converted throttle pressure error (psia) 
PEROXE Percent oxygen er ror 
PR05 Fuel flow er ror amplified (K-ft3/hr) 
PSPC Adjusted throttle set point (psia) 
PSPE Throttle pressure er ror (psia) 
PSPEA Dummy variable 
R12 Damper control signal (p. u.) 
RHSTC Gate provides for the reheat steam temperature control 
(damper control) to be on or off the system 
RPM Speed of boiler feed pump (rpm) 
RPM1 Parameter for equation of boiler feed pump (rpm) 
SAF Adjusted air flow error (K-lb/hr) 
SCI Integrated error (E25) (°F-sec) 
SP1 Parameter for equation of boiler feed pump (K-lb/hr) 
SP2 Parameter for equation of boiler feed pump (psia) 
SSCI Adjusted er ror (E25) (MW) 
SUFL Adjusted fuel flow er ror , applied to controller (K-ft3/hr) 
SVC Gate, provides for the spray valve control to be on or off the 
system 
SVP Negative spray valve position (p.u.) 
SVP1 Limited spray valve position (p.u.) 
T l Increment of time for control system variables computation 
(sec) 
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TABLE 7.1 Continued 
T2 Increment of time for interconnection of control system 
variables with process variables (sec) 
TOE19 Dummy variable (used in Bl. 4, 10 and 17) 
TR1M1 Linear function of integrated megawatt er ror (p. u.) 
TRIM2 Linear function of net load (p. u.) 
TR1M3 Linear function of boiler demand (p. u.) 
TR3M4 Linear function of final superheater steam temperature (p. u.) 
TRIM5 Linear function of oxygen error (p. u.) 
TVPX Throttle valve position amplified (p. u.) 
TVPXR Corrected throttle valve position (p. u.) 
VIC Integrated throttle pressure e r ror (psia-sec) 
VPS Modified throttle pressure e r ror (p. u.) 
WNGTH Fuel flow (K-ft3/hr) 
WSTH Spray flow (K-lb/hr) 
X Parameter for equation of boiler feed pump (K-lb/hr) 
comparing actual schematic diagrams of the control system with those of the 
simulated system there is not found a one to one correspondence between all the 
blocks. 
The plant is controlled from a central control room shown in Figure 7.12. 
The control panel for the simulated plant is shown in Figure 7.13. 
The control cabinets housing the electronic analog controller are shown in 
Figure 7.14. 
As mentioned earl ier , the electronic analog computer sends control signals 
to the various controlled process variables. One control signal goes to the 
forced draft fan inlet vanes to adjust the amount of air that is forced through 
the unit in accordance with proper combustion of the fuel. The control linkage 
and vanes are shown in Figure 7.15. 
A view of the controller cabinet, linkage and forced draft fans are shown 
in Figure 7.16 and Figure 7.17. 
In this simulation an attempt has been made to simulate the same devices 
and to use values of constants which are used in the actual plant. Several 
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143 
1 t £ 7 14 \ n . l l i}4, i I ' h l ! i\ . t l i i l K ' l s 
Fig. 7.15 Control linkage operating 
intake vanes on forr ed draft fan 
• ! & : - • 
Fig. 7.16 Controller and linkage 
for forced draft fans 
Fig. 7.17 Forced draft fans 
parts have been simplified considerably, and when information was not 
available certain assumptions were made in regard to the control system. 
The control system which is used in the plant is of the analog type and, as 
mentioned, analog diagrams will be used to illustrate the method of the digital 
simulation. As mentioned earlier, the setting of the integrators in units of 
repeats per minute is to be described here. The basic time increment in the 
simulated control system, AT, is labeled Tl for the computer program. 
Where this value of A T is used in the calculation of the integrals it is also used 
for other computations where the AT is present, and will be, of course, the 
same time. This is due to the fact that internal loops are not used in the com-
putation of the control variables. Each control system variable is computed at 
the end of a time interval equal to Tl after which the time is increased by this 
interval and the complete process is repeated until the desired time of compu-
tations is reached. The method by which the speed of integration is varied is 
by multiplying Tl by some constant. This, of course, is equivalent to chang-
ing the input to the integrator. If this time interval is not changed in the 
integrations, the resulting settings, repeats per minute, will be at 60 repeats 
per minute for a constant input. For a slower, or faster, integration rate , the 
time increment, foT, should be multiplied by the factor X divided by 60, where 
X is the number of repeats per minute desired. The division by 60 converts 
the setting to seconds, which is the unit of time used in the simulation. As an 
example of the concept of repeats per minute, consider a constant input of one 
per unit that is integrated for one minute. 
t = 1 min /" 60 sec. 
E . d T = ( k d T = k x T 
t = 0 
60 sec 
= K60 
t = 0 
3 3dT 
Now, if the integral had been multiplied by — or ——had been used then the 
bU bO 
resulting value of output voltage would be (3/60 (K) (60-0) = 3K. Hence, for this 
example with 3 repeats per minute and one per unit input to the integrator there 
is three per unit output after 1 minute of integration. 
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The first block which will be considered in detail is block 7, the unit load 
demand development, which is shown in Figure 7.18. As has been mentioned 
earlier the pulse sent from the load dispatcher is integrated with respect to 
time to obtain the actual value of change in demand. If the change in demand is 
applied manually it is not necessary to integrate. In either case, after the new 
demand has been established to the control system the change will appear as a 
step function. In the simulation, the step input is given with DEMW1. The 
complete step change desired in megawatts is not applied to the unit, but rather 
a signal which is gradually increasing in the form of a modified ramp function 
is applied. 






Fig. 7.18 Unit load demand development, block 7 
This signal conditioning is carried out by obtaining a megawatt e r ro r , E, 
between the demanded megawatts and the existing megawatt demand that is 
presently going to the unit. This megawatt e r ro r is multiplied by a gain of 3 
which results in a faster response for small changes in load. Then the signal 
is limited to a value of 35 megawatts with the limiter and then is multiplied by 
an adjustable percentage gain, G2, which is presently set at 1, but can be set at 
other values to permit a reduction in the rate of change of the demanded signal. 
The output of the gain, G2, which is Bl, is then integrated with a rate of one 
repeat per minute and this signal, which is then DEMW2, is sent to block 8, the 
integrated boiler turbine master. 
If a step change is introduced to the control system that is greater than 
35 megawatts there will be a ramp change in the output signal until the differ-
ence in the output signal and the desired demand is less than 35 megawatts, at 
which time the demand signal will follow an exponential curve as shown in 
Figure 7.19. If the change in the demand was 35 megawatts or greater, the 
output rate of change would be 35 megawatts per minute. Since this is higher 
than normally tolerated by the operating guidelines, an adjustment of gain G2 










Fig. 7.19 Output diagram of unit load demand development 
Consider next the integrated boiler turbine master , which is block 8 of the 
computer program, and is shown in detail in Figure 7. 20. This block receives 
the load demand, DEMW2, which is the primary input signal and converts it 
into: (a) a boiler demand, DEMW4, and (b) a turbine demand which is sent to 
the process system in the form of a throttle valve position setting, TVPXR. 
As mentioned earlier, the turbine demand is to provide the desired 
generation in a relatively short time. The turbine is used to provide the initial 
response since the boiler cannot change the steam output as quickly and still 
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Fig. 7. 20 Integrated boiler turbine master, block 8 
keep the throttle pressure constant. The boiler demand is fed to the process in 
terms of feedwater flow, fuel flow, and air flow signals. The important pro-
cess variables which are fed into this system are the actual power generated, 
POWER, and the actual throttle pressure, PO(l, 16). 
Looking first at the turbine demand section of block 8, the megawatt er ror , 
E l , is obtained by taking the difference in the actual power generated from the 
process and the demanded power from block 7. This e r ror is multiplied by a 
gain, G3, to give a variable, AL, which is then limited to plus and minus 21 
megawatts. This variable is then modified through the action of a multiplier 
where a trimmed value, which, in this case, is labeled TRIM2, is multiplied 
by AL to give the output signal, AL1U. 
The value of the trimming signals throughout the simulated control system 
and the actual control system are obtained by experience and experiment. The 
values of the trims are generally functions of the power output and in each case 
an equation is written which relates the trimming value to the variable under 
consideration. 
hi this case, the TRIM2 is a value which lies between 1 and 2. 5. This 
number is then multiplied by AL which is the megawatt e r ror limited. When 
the load on the unit is less than or equal to 175 megawatts, a value of 1 is used 
for TRIM2, and when the load on the unit would exceed 700 megawatts a value 
of 2. 5 is used for TRIM2. Between these two extremes, the value of TRIM2 is 
given in equation (7. 5). 
TRIM2 = ( ~ (POWER) j + 0.5 (7. 5) 
The value of AL1U is then multiplied by a gain G5. This resulting signal, the 
calibrated megawatt e r ror , is ALL AL1 = AL1U (G5) 
Now G5 is given as 50/7 and this value is computed in the following manner. 
The control system operates on certain voltage levels, and the voltage levels 
that are used in this control system are from -10 volts to +10 volts. The 
ranges which are used correspond to 0 megawatts for -10 volts, and 700 mega-
watts for +10 volts, hence, the megawatt e r ror rate is equal to (700/20) = 35 
megawatts per volt. In a similar fashion, the pressure range varies from 0 
psia corresponding to -10 volts and 5,000 psia corresponding to +10 volts. 
Hence, the pressure error rate is 5,000 psia divided by 20 volts or 250 
psia/volt. Hence, the value used for G5 = the pressure error rate divided by 
the megawatt error rate which equals 250 psia/volt divided by 35 megawatts per 
volt which equals 50/7 psia/megawatt. Hence, when AL1U in units of mega-
watts is multiplied by 50/7 in units of psia/megawatt the resultant value, AL1, 
is in the proper units of psia to be added to the throttle pressure set point. 
It is seen also that the gain, G6, going to the boiler demand is given, which 
is simply the inverse of this value; in other words G6 = 7/50 megawatts/psia 
and it will be seen that the pressure error is transferred to the proper units of 
megawatts when added to the modified power demand signal before it is passed 
on to the other blocks. 
The value, AL1, is then converted to an equivalent throttle pressure 
demand by adding it to the throttle pressure set point which, for the simulated 
unit, is taken as 3,500 psia. The resulting value, labeled PSPC, is then 
compared with and the difference taken between it and the actual throttle pres -
sure labeled PO(l,16) from the process. The resulting variable, PSPE, is 
then used as the input of a proportional plus integrator unit, or a proportional 
plus reset unit. The proportional plus integral takes the throttle pressure 
error and multiplies it by a gain, G4, which is equal to 5 and, at the same 
time in parallel, integrates it with an integration setting of 3 repeats per min-
ute. The sum of these two operations is taken yielding the variable VPS, which 
is the mnemonic name for valve position setting. 
The position of the throttle valve was simulated using an integrator with a 
unity feedback loop as is shown by the variable TVPX in Figure 7.20. A steady 
state value of TVPX was chosen as for 1,000 units. This corresponds to a full 
load position. Using a smaller value than this for the steady state led to 
unstable operation of the system due to the fact that the throttle pressure devia-
tion was relatively large compared to some of the initial values that were 
tested, such as 1, which is the value that is used for the process variable, 
TVPXR, which represents the actual throttle position, as has been discussed 
in that section. The integrator with output TVPX, has an initial condition 
corresponding to the full load condition of 1,000 in order that a zero er ror 
signal is given to the simulated position demand integrator. The value of G7 is 
seen to be 
1000 
in order to provide the proper value for TVPXR, the actual 
valve opening in per unit. This variable then is sent to the process block 17. 
Now consider the other path in the integrated boiler turbine master, the 
boiler demand path. This path ultimately sends a signal to the firing rate cal i-
bration, feedwater control, and reheat steam temperature control. The 
demand from the unit load demand development is again modified by multiplying 
it by TRIM1, another trimming value. This tr im is obtained from the mega-
watt e r ror between the actual power output of the unit and the demanded power 
from the unit. This er ror , E l , is integrated at a rate of r repeats per minute 
5 
and is limited to + 350 megawatts and is then converted to TRIM1 with the fol-
lowing equation. 
TRIM1 = ( Jzf-Ell) +1 350 (7.6) 
Now this t r im multiplied times DEMW2 yields DEMW2A. Figure 7.21 
illustrates the effect of TRIM1 as a function of the integrated megawatt er ror . 
A TRIM 1 
-350 0 350 
Integrated MW error E1 
Fig. 7. 21 TRIM1 - integrated MW Error 
The megawatt demand, DEMW2A, is then converted into boiler demand by 
adding to it any throttle pressure deviation, PER, which is converted, as 
mentioned earl ier , from pressure units to megawatt units by gain G6. The 
megawatt e r ror is reduced to 0 during any steady state operation. 
The next block to be considered is the feedwater flow control, block 9 and 
is shown in Figure 7. 22. This block responds primarily to the boiler demand 
for water flow. The response is coordinated with the firing rate , that is fuel 
flow, to minimize the interaction between the steam pressure control and the 
steam temperature control. This is accomplished by adding to the boiler 
demand, DEMW4, from the block 8, a feedwater trim, labeled DERER2, from 
the firing rate calibration block 10. This trim is seen to be a function of load 
error , E l , primary superheater, outlet temperature, TO(1,9) and the final 
superheater outlet temperature e r ror , which is a set point temperature minus 
TO(l, 10). A trimmed feedwater demand is then obtained by use of the equation 
shown in the boiler feed pump section which related water flow to megawatts. 
This equation modified by the t r im is given by equation (7.7). 
456 
FWCD = ( - 7 - (DEMW4) -(DERER2). 005) -660 (7. 7) 
DO 
Now, notice that 456 divided by 55 is 8. 3 which is the slope used in the boiler 
feed pump section. The trimmed feedwater demand FWCD is then delayed 
exponentially in order to coordinate rate of change with the res t of the system. 
This value of FWCD is the resulting feedwater flow after steady state conditions 
are restored, after a change. 
Figure 7.23 illustrates the exponential delay unit that is designed for use in 
other blocks in a similar way. In the case of the firing rate calibration the 
delay needed was very small in practice so it was taken off the circuit . 
The delayed value of feedwater demand, FWD1, is then compared with the 
actual flow, FWRE, of the boiler feed pump which is described in the boiler 
feed pump section and this yields the feedwater error , E6. This e r ror is then 
integrated to produce a new speed error for the boiler feed pumps which will 
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Fig. 7.22 Feedwater flow control, block 9 
Fig. 7.23 Exponential delay unit 
then adjust the characteristics of the pump to provide the proper value for the 
system operation. 
Block 10 is shown in Figure 7. 24 and is the firing rate calibration section. 
Here the demand for fuel is taken from the integrated boiler turbine master as 
DEMW4, and will eventually leave the firing rate calibration block to be passed 
on to the fuel flow control and the air flow calibration and control blocks as 
FRDEMC, a calibrated firing rate calibration demand. 
The firing rate calibration block modifies the relationship between the 
firing rate and the feedwater flow in order to maintain the desired steam temp-
erature output of the finishing superheater. The ratio of feedwater flow to 
firing rate is modified to produce a permanent correction of the steam tempera-
ture. The control serves the purpose of providing the steady state calibration 
of the firing rate demand with respect to the boiler demand and it provides the 
required transient firing rate corrections in order to balance the energy in the 
steam generator, for the load under consideration. 
The temperature output of the finishing superheater, TO(1,10), is 
subtracted from the temperature set point for this device, which in this simula-
tion is considered to be 1,015. 391. This difference is multiplied by the gain, 
G9, which is considered to be 1, and this yields the computer variable, E13G. 
This resultant e r ror signal is passed to two different paths. In the first case 
the e r ror , E13G, is taken and from it is subtracted the derivative, or rate of 
change, of the primary superheater output temperature, which is TO(1,9), with 
the resulting signal DERER1. This signal is then multiplied by a trimming 
function, TRIM3, which is a linear function of the boiler demand and is biased 
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Fig. 7.241 Firing rate calibration, block 10 
( 
to obtain a new value of error which will be equal to the er ror times 1. 0 if the 
load demand is 0, and will be the er ror times 2. 5 if the load demand is 700 
megawatts. This equation is given as equation (7. 8). 
TRIM3 ( j j j | ) (DEMW4)j +1 (7.8) 
The calibrated error sum is then given by computer variable DERERT and 
this is equation (7. 9). 
DERERT = DERER1 (TRIM3) (7. 9) 
This calibrated error , DERERT, is added to the load error from block 8. The 
load e r ror is E l and the resulting variable is DERER2. This variable, which 
is a calibrated temperature er ror , is added to the boiler demand to obtain a 
correction in the firing rate demand for transient conditions. At a steady state 
value these er rors are 0 and hence, would not change the firing rate demand 
signal. 
The signal, DERER2, is also fed to the feedwater flow control, block 9, 
and was described in that section. That gave an interaction between the firing 
rate and the feedwater flow control. The practical result of this is that when 
the firing rate demand is causing the temperatures of the superheated steam to 
be above their normal values, a negative steam temperature e r ror will be sub-
tracted from the feedwater flow demand which will produce an increase in the 
water flow as is seen in equation (7. 7) of the discussion given of block 9. Also, 
if the temperatures are lower than the set point values, the feedwater control 
will cause a decrease in feedwater, as seen by equation (7. 7) and the firing 
rate will increase as required until the two blocks, the fuel flow and feedwater 
flow, adjust their respective process variables to obtain the set value of temp-
erature. 
The boiler demand, FRDEM2, is then added to the total e r ro r s and the 
signal which results is FRDEM3. This is modified or calibrated by multiplying 
it by a function of the limited integrated temperature er ror of the finishing 
superheater. This trimming signal is TRIM4 and is given by equation (7.10). 
Following the block diagram through to TRIM4, it is seen that the temperature 
er ror signal, E13G, is integrated at a rate of 0. 5 repeats per minute yielding 
the signal E13GI. This value is limited to + 120°F and is then converted to a 
linear function with a range from 0. 9 to 1.1 using equation (7.10) which i s : 
TRI.M4 = j ^ j - (E13G Ĵ +1.0 (7.10) 
The signal, FRDEMC. which is a calibrated firing rate calibration demand, 
is obtained in equation (7.11) which i s : 
FRDEMC = FRDEM3 (TRIM4) (7.11) 
It is this signal which is then sent to the fuel flow control and the air flow 
calibration and control blocks. 
The spray valve control is illustrated in Figure 7. 25. This section, as 
has been described earlier, serves to give an immediate, but not permanent, 
change to the output temperature of the finishing superheater. Since its pur-
pose is to sense the temperature e r ro r s and help control the steam temperature 
errors as the steam enters the turbine, it logically derives its input signal 
from that portion of the control system where this comparison between the 
actual temperature and the desired, or set point temperature has been mea-
sured, and this has been just described in the firing rate calibration section, 
block 10. 
The signal to the spray valve control is taken off the point where DERER1 
is available which is the temperature e r ro r signal. This temperature e r ror is 
utilized in the simulation by passing it through an integrator with unity feedback 
whose output represents the value of the spray valve position. Consider the 
example of a finishing superheater output temperature which is above the set 
point value. The value of E13G is then a negative quantity which will yield a 
negative quantity for DERER1 from the firing rate calibration to the spray 
valve control system. This then yields a negative er ror for ESP which causes 
the integrator, which is set at 5 repeats per minute to decrease. Hence, the 













Fig. 7. 25 Spray valve control, block 11 
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Fig. 7.26 Fuel flow control, block 12 
SVP1, which equals -SVP is considered the simulated value for the spray valve 
position and its value will increase giving a larger amount of flow than the ini-
tial set point. Its magnitude is limited to between 0 and 100, and as mentioned 
in the process this corresponds to thousands of pounds of spray water flow. 
This variable is then passed to the process, block 19. 
The next control block which is considered is the fuel flow control. This is 
block 12 and is shown in Figure 7.26. The fuel flow control produces the 
appropriate fuel flow corresponding to the desired plant output and uses the 
calibrated boiler demand, FRDEMC, as obtained from the firing rate calibra-
tion block. For a certain demanded power output, there is required a certain 
value of fuel flow. This relationship is given in equation (7.12) where 
FFDM = 
1 20 
~ - (FRDEMC) -170 (7.12) 
J 
This equation is obtained from the data which was obtained in the actual plant 
tests , run #9, as has been described in the combustion section and also in 
detail in a latter section dealing with the test runs. In the combustion section, 
it was shown that the flow of natural gas, WNG, was linearly proportional to the 
power output of the unit, specifically, 
WNG=:(12P_iPJ>
0_) ^ p o W E R ) _i70,000 cu.ft/hr. . . (7.13) 
Xo 
The control system variable which corresponds to the flow of natural gas 
is FFDM and the control variable corresponding to power, in this particular 
case, is FRDEMC. Since the control system is simulated using units of thou-
sands of cubic feet per hour, rather than cubic feet per hour, the equation 
given in the combustion section is divided by 1000 with the result given as 
equation (7.12). The actual value of WNGTH after the steady state condition is 
reached is the same as FFDM and is obtained from this equation. This demand 
signal for fuel flow is then taken and from it is subtracted the simulated fuel 
flow to obtain the fuel flow error . The fuel flow er ror , E20, is then multiplied 
by the gain G10 and, in parallel, integrated at a rate of 3 repeats per minute to 
yield the resulting value SUFL = PR05 + FLFU1. This output variable is then 
used as the input to the simulated fuel control valve which is an integrator with 
a reset value of 1 repeat per minute with unity feedback as seen in Figure 7.26. 
The output of this integrator is then the simulated fuel flow in thousands of 
cubic feet per hour and is converted to the process variable, WNG, by multi-
plying WNGTH x Gi l where Gl = 1000 and then this value, which is WNG, or 
fuel flow, is then passed to the process equations, block 17, where it is used to 
compute the heat fluxes into the various lumps. 
The air flow calibration and air flow control, block 13, is shown in 
Figure 7. 27. The air flow calibration adds an er ror to the firing rate demand 
which comes from block 10, the firing rate calibration block. This e r ror which 
is introduced to the demand is done so through the TRIM5, which will be later 
seen in equation (7.15). The air flow calibration and air flow control system 
are included in this discussion for completeness, however, as mentioned 
earlier, the resulting variable which is simulated air flow in the unit, is not 
actually used since it has been assumed there is a constant fuel to air ratio. 
The TRTM5, which is multiplied times the calibrated firing rate demand 
signal from block 10 is obtained as follows. The oxygen, O , in the combustion 
Li 
gas which is leaving the stack is subtracted from the oxygen set point yielding 
the computer variable OXE, which is oxygen error . This oxygen error is 
integrated at a reset rate of 60 repeats per minute, yielding the variable OXEI. 
The percent oxygen e r ro r which is in essence the excess O of the plant is 
Li 
obtained by taking the ratio of OXEI to oxygen set point times 100. That equa-
tion is 
P E R O X E = ^ 2 ^ - ( 1 0 0 ) (7.14) 
This value of percent excess oxygen is limited to + 5. hi the actual plant, it 
should be realized that it always should be positive since it would not be des i r -
able to have a negative excess oxygen or incomplete combustion would occur. 
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Fig. 7.271 Air flow calibration and air flow control, block 13 
This limited oxygen e r ro r is then related to TRIM5 through equation (7.15) 
which is 
TRIM5 = i1—-) (PEROXE) +1 (7.15) 
5 
This TRIM5 is then multiplied by FRDEMC to yield the firing rate calibration 
variable, FRTRIM. The demanded air flow, computer variable AFLOWD, is 
related to the adjusted megawatt demand, FRTRIM, through the equation (7.16) 
which is 
120 
AFLOWD = (—-) (FRTRIM) +30 (7.16) 
Xo 
These variables are the same variables which were described in the combustion 
section in the discussion of air flow and equation (7.16) is obtained from the 
actual plant data which was obtained from test run 9 and is noted here to be in 
units of thousands of pounds per hour rather than the pounds per hour as was 
given in an earl ier section. The air flow demand is then taken, and from it is 
subtracted the simulated air flow yielding the air flow error , E50, which is 
then applied to a proportional plus integral controller with a gain, G12 = 5, and 
an integral reset rate of 4 repeats per minute. This unit yields an output va r i -
able SAF which is then used as the input to the simulated air flow device which 
is an integrator with a 4 repeat per minute reset rate with unity feedback to 
yield the computer variable AFLOW. This variable is then converted into the 
process units with the following equation: 
AFLO = AFLOW (1000) (7.17) 
This process variable then could be connected to the process in a manner 
similar to the other blocks if the process used this variable, but since a con-
stant fuel air ratio is used only the fuel flow is necessary to simulate the 
combustion equations. 
The reheat steam temperature control is block 14 and is illustrated in 
Figure 7. 28. The purpose of the reheat steam temperature control is to send 
a signal to the process which will indicate a damper setting so that the 
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combustion gases may be apportioned between the primary superheater and the 
reheater, as has been described in the process section. Even though the p r i -
mary superheater and reheater are receiving the ultimate combustion gas 
changes; a temperature difference is taken in this control section between the 
reheater output steam temperature, TO(l,12), and the finishing superheater 
output temperature, TO(l, 10). The temperature error is , 
E25 =TO(1,12)-TO(1,10) (7.18) 
This temperature er ror is applied to a proportional plus integral unit with 
a gain G13 = 2 and an integrator with a reset rate of 1/3 repeats per minute. 












Fig., 7. 28 Reheat steam temperature control, block 14 
•The resulting value of signal, SSCI, is then added to the megawatt demand 
which is obtained fnom block 8, the integrated boiler turbine master, with a 
resulting signal of DDEC. 
The signal sent to the process is a variable R12 and its equation is related 
to this adjusted megawatt demand signal and was given earlier in the process 
section. 
The following set of figures represent the block diagram of the control 
system using a control type, rather than analog type, of configuration. Rather 
than going through a detailed description of any one of the block diagrams, 
using the different notations, it is suggested that the reader compare, for 
example, the firing rate calibration, block 10, using the analog diagrams with 
the control system diagrams which are shown in the following figures and the 
variables on each are labeled so it is easy to follow the signals and make a 
comparison with the two systems. It should be noted, however, that for exam-
ple in block 8, the integrated boiler turbine master, the actual turbine control 
valves are shown in a box labeled f(x) with VPS, the control variable entering 
this box and in the lower part of this figure a more detailed drawing is given 
which shows a representation of the turbine control valves. Similar diagrams 
to this would be obtained in the other sections where a DC motor is used to 
drive a particular valve or vane, such as the inlet vanes of the fans which blow 
the air into the unit for combustion purposes. Block 7 is shown in Figure 7.29, 
block 8 is shown in Figure 7. 30, block 9 is shown in Figure 7. 31, block 10 is 
shown in Figure 7. 32, block 11 is shown in Figure 7. 33, block 12 is shown in 
Figure 7. 34, block 13 is shown in Figure 7. 35 and block 14 is shown in Figure 
7.36. 
The analog type and control type symbols used in the control system 
diagram are shown in Table 7.3 and Table 7.2 respectively. 
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TABLE 7.2 
CONTROL TYPE SYMBOLS USED IN THE PLANT'S 












d /d t 
oT^ 
Input or constant value . 
Manual input. 
Ampl i f ier , 
T rans fe r r e l ay . 
Se rvo -mo to r operated potent iometer . 
S u m m e r . 
E r r o r , difference between two s igna ls . 
Gain con t ro l l e r . 
Static mul t ip l i e r , provides var iable gain. 
L i m i t e r . 
Funct ion of var iab le input, used to control p r o c e s s . 
T ime delay function. 
T ime der iva t ive . 
Converts step into ramp function. 
171 
TABLE 7 . 2 CONTINUED 
! 
^T 
In tegra l . 
P ropor t iona l plus integral con t ro l l e r . 
TABLE 7. 3 
ANALOG TYPE SYMBOLS USED IN THE 
SIMULATION OF CONTROL SYSTEM 
© Constant. 
G Amplif ier , gain or pe rcen tage . 
IT 
Summer , 
L i m i t e r . 
In tegra tor . 
> 
Multipl ier . 
E Q Equation; output is a function of input. 
d /d t Time der ivat ive . 
CHAPTER 8 
THE COMPLETE SIMULATION OF THE POWER PLANT 
WITH THE PROCESS AND THE CONTROL 
SYSTEM INTERCONNECTED 
The discussion to this point has been dealing with the details of an 
individual part of the complete digital simulation of the supercritical steam 
generator with its associated control system. At this point it is appropriate to 
combine the parts that have been described in earlier chapters into a compact 
package. This may be done by looking at the complete simulation in the form 
of the digital computer program. 
The basic block diagram which illustrates how the problem is solved is 
given in Figure 8.1. The digital simulator takes the particular problem and 
initializes the variables to the appropriate values. It then determines whether 
or not the control system is included in or excluded from the particular simula-
ted problem. If the control system is to be included, it then computes the 
values of the control variables which are TVPXR, FWRE, PBFP, SVPl, WNG, 
and DDEC. 
After computing these controlled variables the problem solution then 
follows and the process equations are solved for the values of the output p r e s -
sure, temperature and enthalpy of the various lumps that have been described 
and are shown in Figure 1.2 and for the power output of the unit and the heat 
input to the various lumps. Then if a printing is desired, the output at that 
time increment is printed and the problem is then reiterated until the program-
med solution time has been elapsed. 
In order to facilitate the inspection of the subsequent flow chart and 
computer program, Table 8.1 below gives a complete list of the computer va r i -
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Fig. 8.1 Block diagram for problem solution 
variables also used in the problem are given in Table 7 .1 . In Figure 8.2 the 
complete flow chart of the digital simulator is given. References will be made 
to Figure 8.2 in this chapter. In addition to this, a complete copy of the com-
puter program for the digital simulator is given in Table B-1 in the Appendix B. 
In Table B-1 it is seen that the individual block numbers are given so that a 
reference can be made between the computer program and the block diagram as 
is given in Figure 8. 2. Since most of the equations that have been used in the 
digital simulator have been described in previous sections, there will be no 
attempt at this point to go into the detail of the equations. Hence, only a brief 
description of each block in the digital simulator will be given. 
TABLE 8.1 









Throttle valve area (ft ) 
SPVOL constant 
Combustion gas flow (lbs/hr) 
Constants used in the subroutine TSSPH. 
greater than H 




C SPVOL variable 
C01-C16 Constants for the subroutine TSSPH when H is less than H 
CPG Specific heat of the combustion gas (btu/lb- F) 







Adjusted boiler demand in reheat steam temperature control 
(megawatts)* 
Temperature adjustment in subroutine TSSPH ( F) 
External megawatt demand (megawatts)* 
DHOR(3) Runge-Kutta integration constant (~p) 
DQ13 Heat added to the feedwater in the low pressure feedwater 
heater (btu/sec) 
DQ14 Heat added to the feedwater in the high pressure feedwater 
heater (btu/sec) 
DQS Heat absorbed by the spray water (btu/sec) 
DRHO(15) Change in the density of the working fluid (lbs/ft ) 
DTIME Time increment used in the process integration (sec) 
DTWR(3) Runge-Kutta integration constant for wall temperature ( F) 
E SPVOL constant 
EPSI SPVOL constant 
F SPVOL constant 
G SPVOL constant 
H Enthalpy used in the subroutine TSSPH (btu/lb) 
HC Heat value of the fuel (btu/ft3) 
HE 2 Enthalpy of the 2nd extraction flow (btu/lb) 
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TABLE 8.1 Continued 
HH SPVOL constant 
HI(3,21) Input enthalpy of the lump (btu/lb) 
HMIN Enthalpy corresponding to 662°F in the compressed liquid 
region (btu/lb) 
HO(3,21) Output enthalpy of the lump (btu/lb) 
H013 Output enthalpy of the low pressure feedwater heater (btu/lb) 
H014 Output enthalpy of the high pressure feedwater heater (btu/lb) 
H019 Output enthalpy of the working fluid from the condenser (btu/lb) 
HPFWH High pressure feedwater heater** 
INCRHO Incremental enthalpy of a lump added during the time increment 
(btu/lb) 
J Number of furnace lumps considered for initial DO loop. 
KP(14) Pressure constant (psi/lbs-sec ) 
KQ(14) Heat transfer constant 
LPFWH Low pressure feedwater heater** 
M(14) Mass of the working fluid in lump (lbs) 
MW(14) Mass of metal of lump (lbs) 
MWCPW(14) MW times CPW 
OLT Gate, provides for open loop control tests 
P Pressure used in subroutine TSSPH (psia) 
PBFP Boiler feed pump output pressure (psia) 
PI(1,21) Input pressure to lump (psia)* 
PO(l,21) Output pressure of lump (psia) 
POA(15) Average pressure in lump (psia) 
POWER Total power of the turbines (megawatts) 
POWER1 Equivalent power of the high pressure turbine (megawatts) 
POWER 2 Equivalent power of the low pressure and intermediate 
pressure turbines (megawatts) 
PP SPVOL constant (psia) 
PR Gate, provides for the process to be included in (1.) or 
excluded from (0.) the simulation 
PRD Gate, provides for the variable density to be included in (1.) or 
excluded from (0.) this system 
Q(3,21) Heat transfer to working fluid (btu/sec) 
QC Convective heat transfer (btu/sec) 
QCT Total convective heat plus the excess heat leaving the furnace 
(btu/sec) 
QE Excess heat leaving the furnace (btu/sec) 
QG Total heat liberated by the combustion process (btu/sec) 








Heat output of the extraction flow (2) condensate (btu/sec) 
Heat output of the extraction flow (1) condensate (btu/sec) 
Heat content of the steam entering lump 10 (btu/sec) 
Heat content of the feedwater entering the low pressure feed-
water heater (btu/sec) 
Heat content of the feedwater entering the high pressure feed-
water heater (btu/sec) 
Heat content of the working fluid leaving lump 9 (btu/sec) 
Heat content of the water leaving the low pressure feedwater 
heater (btu/sec) 
Q014 Heat content of the compressed water leaving the high pressure 
feedwater heater (btu/sec) 
QR Radiative portion of the heat transferred (btu/sec) 
QW(1,21) Heat transferred from the combustion gas to the lump (btu/sec) 
R SPVOL constant 
RATIOl Ratio of the total heat input to the water flow 
RHO(15) Density of the working fluid (lbs/ft3) 
RHON(15) Dummy variable for density 


















Run number used in the logic of the program 
A damper control signal (p. u. )* 
Subroutine used to compute specific volume and density 
Temperature used in subroutine TSSPH 
SPVOL constant 
Increment of time for control system variables computation 
(sec)* 
Increment of time for interconnection of control system vari-
ables with process variables (sec)* 
Temperature of the combustion gas at furnace exit (°F) 
Input temperature of a lump (°F) 
Time in the process (sec) 
Output temperature of a lump (°F) 
Average temperature of a lump(°F) 
Time of the print of the output (sec) 
Subroutine for the computation of the temperature 
SPVOL constant 
Corrected throttle valve position (p. u. )* 
Wall temperature (°F) 


















Volume of the equivalent lump (cu. ft.) 
SPVOL constant 
Specific volume (cu. ft. / lb.) computed in SPVOL 
SPVOL constant 
SPVOL variable 
Working fluid mass flow rate (lbs/sec) 
Average steam flow through the intermediate and low pressure 
turbine (lbs/sec) 
High pressure feedwater extraction flow (lbs/sec). 
Low pressure feedwater extraction flow (lbs/sec). 
Combustion gas flow (lbs/hr) 
Flow of natural gas (cu. ft. / h r . ) 
Spray flow (lbs/sec) 
Spray flow (K-lb/hr)* 
Steady state reheater mass flow (lbs/sec) 
Pressure drop across a lump 
Temperature difference across the wall of the lump (°F) 
SPVOL constant 
* Also listed in control system variables 
** Abbreviation used in comment statements 
Blocks 1, 2, 3 and 4 as shown in Figure 8. 2 are used in the simulator to 
initialize the problem variables, hi Block 5.1 the computer variable, OLT, is 
used for a gate to determine whether or not the control system should be 
included in, or excluded from, the problem solution. If OLT equals 1 this indi-
cates that the control system should be run under open loop conditions and 
hence, the problem flow is transferred to Block 15 at this point. However, 
the control system should be included, the problem flow is passed on to 
Block 5.2. In Block 5. 2 and 5. 3, the scheduled power is checked to see if it is 
within the range of the simulated plant. If it is not within range of the simulated 
plant, appropriate alarms are given. If it is within the range of the simulated 
plant the solution flow is then passed on to Block 6 where the headings are 
printed on the output. 
The computer Blocks 7, 8, 9, 10, 11, 12, 13 and 14 have been described 
in detail in Chapter 7. These blocks are the computer representations of the 
control system. Block 7 is the unit load demand development. Block 8 is the 
integrated boiler turbine master. Block 9 is the feedwater flow controL 
Block 10 is the firing rate calibration. Block 11 is the spray valve control sys -
tem. Block 12 is the fuel flow control. Block 13 is the air flow calibration and 
air flow control and Block 14 is the reheat steam temperature control. An 
analysis of the block diagram for these blocks would parallel exactly the analy-
sis given in Chapter 7 where the analog diagrams were investigated in detail. 
The reader is then referred to Chapter 7 for a detailed description of these 
blocks. 
In Block 15, the time is incremented and there is an interface between the 
control system and the process. As will be recalled from Block 5.1 there is 
an entrance to Block 15 and if this path is followed, the logic in Block 15. 5 
determines which particular run is being computed and sets the control vari-
ables for the appropriate run. If the control system was not excluded then the 
problem flows directly from Block 14 into Block 15 and standard time incre-
ments are then implemented before going to the solution of the process equa-
tions. 
In Block 17 the variables that are used in both the control and the process 
are adjusted in order to match the units properly for the two subsystems. At 
this point also some preliminary calculations are made before entering the 
process solution. In Block 18 the heat flux to the various lumps is computed. 
This was described in detail in Chapter 5. 
hi Block 19 the fundamental process equations, as are described in 
Chapter 2, are solved. The techniques that are used for the solution of the 
differential equations describing the process have been described in Chapter 6. 
This is implemented for Lumps 1 through 11 in Blocks 19.1 through Block 19.26. 
In Blocks 19. 27 through Block 19. 31 the process equations for the reheater are 
solved. 
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The one fundamental equation that has not been discussed previously in 
detail for the computer program is the continuity equation. At the present time 
a subroutine exists for computing the specific volume or density only in the 
superheater and not in the critical region. In the furnace, that is in Lumps 1 
through 8 of the simulated plant, the density is assumed to be constant so that 
the mass flow into a particular lump is equal to the mass flow leaving a particu-
lar lump. In Lumps 9, 10, and 11, however, the transient change in density of 
the working fluid may be considered. As is shown in the block diagram with 
Lumps 19. 5 through 19.11, the solutions of the process include the density 
change by including the continuity equation with the other process equations. In 
order to include these equations the computer variable PRD is set equal to 1. 
If the lump under consideration is 9, 10 or 11, the solution follows through the 
blocks that allow computation of the density and the flow change. The form of 
the continuity equation that is used in the solution, as seen earlier in Chapter 2, 
is given in equation (8.1). 
' W , W = A d ( f ) P- 1 * 
I o vdt 
Since the length and area of a particular lump will remain constant in the 
simulation, equation (8.1) becomes 
JT = T V (W.-W ) =J:(W.-W ) (8.2) 
dt AL v I o' V v l o' 
It is assumed that the density of a particular lump is the average density 
and will be computed by taking an average of the input and output pressures of a 
lump and an average of the input and output temperatures of the corresponding 
lump and then computing the density using the digital computer subroutine 
SPVOL. 
From equation (8. 2) above 
AP=At(^(W.-Wo)) (8.3) 
The value of W. is known and the value of W is desired. 
1 o 
The mitial values of RHO for each lump studied must be given; call these 
values RHO (N), N = 9, 10, 11. The change in density for a time increment is 
given by the presently computed value of RHO subtracted from the previously 
computed value of RHO for the previous time interval. Then, if the density had 
changed during the time increment, the new flow out of the lump may be found 
by rewriting equation (8. 3) as equation (8.4) where the computer variables are 
used. 
W(N) = W(N-l) -V(N)*(DRHO(N)) (8.4) 
DTIME 
In Block 20 the turbine equations are used to determine the simulated power 
output for the unit. These equations were described in Section 3.4. In Block 21 
the solution of the enthalpy output of the high pressure feedwater heater is 
obtained. This enthalpy output of the high pressure feedwater heater then 
becomes the initial input enthalpy to the economizer which then closes the loop 
on the complete simulation. In Block 21 the equations are solved which take the 
extracted flow from the intermediate and low pressure turbine and heat the low 
pressure feedwater heater and the extraction flow from the high pressure tur -
bine to heat the high pressure feedwater heater. A heat balance is obtained in 
order to compute the value of the enthalpy output for the high pressure feed-
water heater which is then the enthalpy input to the boiler itself. These equa-
tions have been described in Section 3 .1 . 
In Block 22 the printing of the output variables that are desired are effected 
and, in addition, the logic by which different runs can be made is included. 
Following the final block in the computer program-is the data required for the 
simulation which is , in the order of its appearance, the number of lumps 
iteratively solved, the pressure drop used to compute the pressure constant, 
the temperature drop used to compute the heat flux constant, the mass of the 
water, the mass of the metal, the specific heat of the metal, the initial enthalpy 
input, the enthalpy outputs, the mitial wall temperatures, and the initial heat 
flux inputs from the furnace to the water. 
Following the input data required for the simulated plant, are the two 
subroutines that have been described in Chapter 4. The two subroutines are: 
(a) TSSPH, which computes the temperature as a function of pressure and 
enthalpy for the regions through which the heat cycle of the plant pass and (b) 
SPVOL, which computes the specific volume or density of the superheated 
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CHAPTER 9 
DESCRIPTION OF THE SIMULATED TESTS 
USING THE DIGITAL SIMULATOR 
In the preceding chapter the details of the digital simulator were 
described. This chapter illustrates the use of the simulator in the study of 
several simulated conditions and describes the method of the operation of the 
simulator. 
As has been mentioned earlier, the digital simulator is divided into two 
basic sections; the control system and the process system. 
There are basically two modes of operation available; control system 
interconnected with the process and operating, or held at a steady value. 
Any one of the control system primary variables may be included in, or 
taken out of the system by a series of "gate" functions listed below: 
IBTM Integrated boiler turbine master 
FWC Feedwater flow control 
SVC Spray valve control 
FFC Fuel flow control 
AFC Air flow control 
RHSTC Reheat steam temperature control 
If, for example, it is desired to observe the operation of the simulated 
plant with the fuel flow control on manual (i. e . , off automatic) the computer 
variable FFC is set equal to 0 instead of 1. 0, in Block 4 of the computer pro-
gram. With the current program, this would cause the fuel flow (computer 
3 
variable WNG) to be set equal to 5,000,000 ft , which is the proper full load 
hr 
value for this variable. If it would be desired subsequently to change this 
variable, it could be adjusted in Block 12.. 
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For a steady state simulated run with all control variables at their 
respective full load values, the gate variable CS is set equal to zero, (see 
Block 4). If the other gate variables, listed earlier are then set equal to CS, 
as given in the program, the appropriate steady state values are picked up in 
the program. 
The simulator computer program also has capability of including or 
excluding the density changein Lumps 9, 10, and 11. Its gate variable is PRD, 
and it operates in the same way as the gates first mentioned. In Block 19 a 
logical decision is made to determine whether the program includes, PRD = 1, 
or excludes, PRD = 0, the density change in the solution to the process equa-
tions. 
As mentioned in the previous chapter the data for the particular plant 
under study is included in the program. If another plant were to be simulated, 
the appropriate data would have to be obtained, as outlined, and substituted for 
the existing data. 
The program is run by inserting an appropriate power demand card. The 
computer variable changed is DEMW1, which is the scheduled power. This 
may be changed in Block 4 or, as is presently being done, in Block 22. The 
reason for making the step change in DEMW1 later in the program is to allow 
the system to settle down to an approximate steady state value before subject-
ing the system to a disturbance. This feature was required in order to allevi-
ate spending a very large amount of time in the fine tuning process to get the 
system in exact balance. 
A typical run would consist of a 600 second problem run at steady state, 
560MW, and then a -10MW step change in DEMW1. The problem would then 
settle down within the next 600 seconds. 
In Table 9.1 the simulated tests that have been made on the model are 
presented. It is seen that there are 14 simulated test runs made under open 
control system loop (i. e . , off automatic) and 3 simulated test runs that had 
the control system controlling the process. 
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TABLE 9. 1 
SIMULATED TEST RUNS 
RUN PROCESS VARIABLE CHANGED 
S-1 STEP INCREASE IN FIRING RATE AT «560 MW 
S-2 STEP DECREASE IN FIRING RATE AT « 560 MW 
S-3 STEP DECREASE IN FEEDWATER FLOW AT » 560 MW 
S-4 STEP INCREASE IN FEEDWATER FLOW AT « 560 MW 
S-5 STEP INCREASE IN SPRAY FLOW AT « 560 MW 
S-6 STEP DECREASE IN SPRAY FLOW AT » 560 MW 
S-7 STEP DECREASE IN THROTTLE VALVE POSITION AT 
« 560 MW 
S-8 STEP INCREASE IN THROTTLE VALVE POSITION AT 
« 560 MW 
S-9 STEP DECREASE IN FIRING RATE AT » 280 MW 
S-10 STEP INCREASE IN FIRING RATE AT « 280 MW 
S - l l STEP DECREASE IN FEEDWATER FLOW AT » 280 MW 
S-12 STEP INCREASE IN FEEDWATER FLOW AT » 280 MW 
S-13 STEP INCREASE IN THROTTLE VALVE POSITION AT 
» 280 MW 
S-14 STEP DECREASE IN THROTTLE VALVE POSITION AT 
» 280 MW 
S-15 RAMP CHANGE IN LOAD FROM 560 M W -. 280 M W 
S-16 STEP CHANGE IN SCHEDULED LOAD FROM 560 - 550 M W 
S-17 STEP CHANGE IN SCHEDULED LOAD FROM 550 - 560 M W 
Table 9.2 shows the change in the simulated variables for the 17 runs. 
In column 2 is listed the corresponding test that was actually performed on the 
plant. These tests will be described in Chapter 10. Column 3 of Table 9.1 
lists the actual variations in independent variables while columns 4 and 5 give 
the simulated independent variables with their deviations respectively. 
In Table 9. 3 the values set for the remaining controlled variables are 
given for the 14 test runs. In Table 9. 4 the variables that were tabulated in 
the simulated tests are given. It should be noted that while only 8 variables 
were chosen for listing in the output, many more could be listed if there was a 
need to investigate them. The choice of the output variables is determined by 
the programmer in Block 6 and 22. 
The tabulated variables for the closed control system loop tests are given 
in Table 9. 5. 
The results of the 17 tests made on the digital simulator are recorded in 
the graphs in Figure 9.1 to Figure 9.17. Figure 9.1 illustrates the results 
of test S-1 and Figure 9.17 contains the information concerning the output of 
test S-17. The results of other tests run correspond, having corresponding 
figure numbers. 
The results of the tests are similar to the actual tests as will be seen in 
Chapter 10. 
Alarms are programmed into the simulator corresponding to scheduled 
loads that are either too high or too low. Two test runs, S-18 and S-19 were 
made to illustrate the alarms. Run S-18 is for 200 MW and S-19 is for 
700 MW scheduled load . The computer output for these runs is shown in 
Figure 9.18. If other alarms corresponding to other undesired conditions 
were desired, they could be included in the program. 
A sample output of the digital simulator is given in Table 9. 6. 
TABLE 9.2 
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TABLE 9 .3 
VARIABLES FOR OPEN LOOP TESTS 
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TABLE 9 .4 
VARIABLES TABULATED FOR OPEN LOOP TESTS 




















































































































VARIABLES TABULATED FOR CLOSED LOOP TESTS 
Run S-15 Run S-16 Run S-17 
POWER POWER POWER 
PO(l,l6) PO(l,l6) PO(l,l6) 
FWRE FWRE FWRE 
WNG WNG WNG 
The simulated test runs were divided into three separate categories. This 
division was arbitrarily made in accordance with the program logic that was 
used to obtain the results that are illustrated in the graphs of Figure 9.1 
through Figure 9.17. 
Simulated test runs S-1 through S-8 were tests made at full load, that is 
560 MW and were run as one group of tests. Simulated test runs S-9 through 
S-15 were made at one-half load, 280 MW and constituted the second major 
division of the simulated tests. Simulated test runs S-16 and S-17 were closed 
loop control system tests that were made at 560 MW. 
In each of the simulated test runs, the system was subjected first to a 
scheduled load of 560 MW, which is incidently the base operating point. The 
control system was included in the first portion of all runs so that there would 
be less chance for transient conditions to occur that would be caused by para-
meters other than the controlled parameter. The reason that this was neces-
sary was due to the fact that the simulated system was not tuned perfectly and 
some values of initial set points were not exactly at the balanced condition. As 
the digital simulator was being developed, many severe imbalances occurred 
and resulted in an unstable operation. The steady state operation period was 
selected to be 240 seconds (4 minutes) which is not quite long enough for the 
system to settle down. However, if a full 10 minutes were allowed for each 
simulated run the length of the computer runs would have been excessive. After 
the 4 minute steady state run the values of power, temperature, pressure, and 
feedwater flow were approximately normal with the fuel flow higher than normal. 
For the eight simulated test runs at 560 MW, the computer variable OLT 
was changed from 0. to 1. , after 240 seconds of operation, indicating that the 
open loop control tests had begun. Then, for the next 600 seconds (10 minutes). 
the process was allowed to change dynamically with no control system inter-
action with the process. That is, for example, if the superheater output 
temperature were to increase above the set point value, the control system 
would ordinarily react by sensing the temperature deviation and adjusting the 
firing rate accordingly. Under the open loop condition, no such adjustment is 
made. 
In order to conserve the handling time for the operator of the digital 
simulator, the program was arranged so that two test runs could be completed 
for each time that the program was submitted. Thus, appropriate logic was 
included in the computer program such that after 600 seconds of problem time, 
a new simulated test run was started. This is illustrated by inspection of the 
sample computer output given in Table 9. 6. 
The computer logic that makes provision for the different runs, is seen in 
Block 4, Block 15, and Block 22 of the computer program given in Appendix B, 
in Table B-1. 
For the simulated tests that were made at 280 MW, provision was made to 
take the simulated unit from 560 MW to 280 MW under closed loop control 
system. This was accomplished by introducing a -280 MW scheduled load 
change after the steady state period of 240 seconds. The computer variable 
OLT was kept at 0. then while the system underwent the change from 560 MW to 
280 MW. It took 450 seconds to reach 280 MW, with the current limits set on 
the unit load demand development, Block 7. Again, as with the case of the 
steady state run, the system had not actually settled down to 280 MW when that 
portion of the run was halted. As will be seen upon later inspection of the 
graphs, this effect influenced the results . 
At this point in the run, that is 240 + 450 = 690 seconds, the two open loop 
simulated test runs were made as described earl ier . 
Run S-15 constituted the ramp change in load from 560 MW to 280 MW that 
was used to get the system from 560 MW to 280 MW. 
Simulated test run S-1, which is comparable to the actual plant test A- l , 
corresponded to a 5% step increase in firing rate. As seen from Table 9.2, the 
computer variable that was changed was WNG, the natural gas fuel flow. It was 
changed from 5000 to 5250 K-ft3/hr. The other variables that are transferred 
from the control system to the process were set at their appropriate values for 
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that operating point and listed in Table 9. 3. It is noted that the feedwater flow 
was held constant, as was attempted in the comparable actual plant test. The 
results of the test are shown in Figure 9 .1 . For all the graphs, the abscissa is 
Time (Min.) and the ordinates vary according to the test that was made. Many 
variables could be tabulated and plotted but only 4 or 5 representative functions 
were chosen to be plotted for each test run. If others would be desired, they 
could be easily obtained by appropriate programming. For the step increase in 
firing rate the power, and temperature increased as shown in the figure. 
In test run S-2 the firing rate was decreased 5%. The controlled computer 
variable that is adjusted is WNG. It was reduced from 5250 to 5000 K-ft3/hr. 
The other variables that link the control system and process were maintained at 
the same level as in test S-1. With the reduction in the fuel flow, the power and 
temperature outputs of the superheater and reheater drop as shown in Fig-
ure 9.2. 
Test run S-3 represents a decrease in feedwater flow. The results of the 
run are illustrated in Figure 9. 3. The controlled computer variable is FWRE 
which is decreased from"3980 to 3780 K-lb/hr, a 5% decrease. An associated 
decrease in the output pressure of the boiler feed pump is included, as seen in 
Table 9. 3. With a reduction in the feedwater flow the furnace output tempera-
ture and reheater output temperature increased, since the firing rate remained 
constant and the working fluid moved slower. 
Figure 9. 4 illustrates the results of test run S-4. Li that test FWRE was 
increased from 3780 to 3980 K-lb/hr with the other control variables listed in 
Table 9. 3. In this case the temperature decreased. The power decreased 
in the simulation since it is computed from the enthalpy change and the input 
enthalpy decreased corresponding to the temperature decrease. 
In simulated test run S-5 the spray flow was increased from 0 to 
100 K-lb/hr. Recall that the purpose of the spray flow is to reduce the super-
heater output temperature. This effect is noted in the results plotted in 
Figure 9. 5. In the graph the difference in the enthalpy before and after the 
spray is noted. The power decrease is due to the lowering of the enthalpy input 
to the turbine. 
Test run S-6 is the companion to run S-5. Here the spray flow (computer 
variable WSTH) is decreased from 100 to 0 K-lb/hr. The model then indicates 
a subsequent rise in the superheater output temperature as anticipated. The 
other variables that were tabulated for this test are shown in Table 9. 4. 
Simulated test run S-7 illustrates the effect of a 2% reduction in the throttle 
valve position. The expected power decrease normally associated with a reduc-
tion in throttle valve position did not occur with the model. Instead, the power 
increased slightly. This was due to the fact that the feedwater flow was held 
constant and the density was not changed in the superheater. Hence, the power, 
which is a function of feedwater flow and enthalpy, followed the enthalpy trend. 
The enthalpy increased as is illustrated in the temperature graph of Figure 9. 7 
and a knowledge of the pressure variation. 
The way the model is arranged, this particular controlled variation, that 
is, change in throttle valve position (TVPXR), was not similar to the actual 
tests. This may be accounted for by investigation of the turbine valve equation. 
The pressure output of the throttle valve is computed as a function of the throt-
tle valve position, but this variable is used only in conjunction with the control 
system, as seen in Chapter 7, to regulate the feedwater flow. Since the control 
system is considered to be on manual, i. e. , open loop, the throttle valve posi-
tion (TVPXR) does not actually affect the process power. This discrepency 
could be alleviated by programming the simulator to adjust the feedwater flow 
in conjunction with a throttle valve position change. 
This lack of influence of the throttle valve position on the process is further 
illustrated by inspection of the results of simulated test S-8. The results of the 
test are shown in Figure 9. 8 and it is recognized that a steady state condition 
has been reached. As can be seen from Table 9. 3, test run S-7 and test run S-8 
are run together and the process simply settled out to a steady state condition. 
Simulated test run S-9 corresponds to a step decrease in firing rate of 5%. 
WNG is reduced from 2415 to 2294 K-ft3/hr. This test is comparable to the 
actual test A-10. Here the load is reduced from 560 MW to 280 MW before the 
step change is introduced as was described earlier. The results are somewhat 
under the influence of the ramp change since the system was not allowed to attain 
a steady 280 MW before the step change occurred. However, the power and 
superheater output temperature reacted as in the actual tests. The results are 
shown in Figure 9. 9. 
The opposite effect is seen in the results of simulated test run S-10, as 
presented in the graphs in Figure 9.10. The controlled variable, WNG, is here 
increased 5%, from 2294 to 2415 K-ft3/hr. The reheater output temperature 
increased in response to the increased firing rate. 
In the test runs, S-9 through S-14, it is noted in Table 9. 3 that the value of 
R12 is changed from 1. 0 to 1. 08. This is in accordance with the value of this 
combustion variable after the load had been reduced from 560 MW to 280 MW. 
This value was obtained by inspection of the output of simulated test run S-15, 
and, consequently, had to be run after run S-15. 
In addition to the change in R12, the value of FWRE shown in column 3 of 
Table 9. 3 for test run S-9 and S-10 was changed in the plotted run from 1660 to 
1906. 87 K-lb/hr. This was due to the fact that when the ramp from 560 MW to 
280 MW was made, the feedwater flow came to this value rather than 
1660 K-lb/hr. Also, the value of the throttle valve position (TVPXR) at 280 MW 
was 1.452, as obtained from run S-15. 
In simulated test run S-11 the controlled variable was FWRE. Again, a 
5% step decrease was initiated. The feedwater flow was reduced from 
1906. 87 K-lb/hr to 1811. 53 K-lb/hr, while the output pressure of the boiler 
feed pump was held at the value of 3692. psia, its value at the end of the ramp 
to 280MW. With the decrease in the feedwater flow, the superheater and 
reheater temperatures increased as shown in Figure 9.11. Also, the power 
increased as in run S-3. 
The following run, S-12, illustrated the effect of a 5% increase in feedwater 
flow. FWRE was changed from 1811. 53 to 1902. 53 K-lb/hr. The pressure of 
the output of the boiler feed pump was again held at 3692. psia. The results of 
the test are just the opposite of those in the preceding run and are shown in 
Figure 9.12. The temperatures follow those obtained in the actual test runs, 
which are described in Chapter 10. 
Test runs S-13 and S-14 gave the response of the simulated system to a step 
change in the throttle valve position, TVPXR. As mentioned in relation to test 
runs S-7 and S-8, the method by which the simulated throttle valve change was 
introduced did not lead to results that were consistent with actual tests . This is 
seen in Figures 9.13 and 9.14 where the results of the tests are plotted. It is 
seen that while the variables did change, they were changing due to the continued 
influence on the process by the ramp change in scheduled load. This ramp from 
560 MW to 280 MW had not settled out before the change was introduced into the 
system. 
The results of test run S-15 are given in Figure 9.15. It is the ramp change 
in scheduled load from 560 MWto 280 MWwith the control system operating. It 
is comparable to the actual test A-9. 
Two simulated test runs were made with the control system operating with 
the simulated unit. Those runs, S-16 and S-17, involved a step change of 
-10 and +10 MW, respectively, after the steady state run. Under the influence 
of the control system, the simulated unit responded quickly to the change and the 
temperature and pressure deviation from the set point values was small. The 
results are shown in Figures 9.16 and 9.17. 
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Fig. 9.12 Step increase in feedwater flow 
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SCCS 2 3 t 0 l 0 9 / 0 6 / 6 9 
SIMULATION OF A SUPERCRITICAL STEAM GEiMERATOR 
WITH THE CONTROL SYSTEM 
23 LUMPS* RUNGE-KUTTA INTEGRATION 
PRINT THE NEW VALUE OF DEMWl?200. 
WARNING..* WARNING... WARNING... 
WARNING... WARNING... WARNING... 
FLOW DEMAND. I S BELOW MINIMUM VALUE ACCEPTABLE 
TRIP U N I T . . . TRIP U N I T . . . TRIP U N I T . . . 
PROGRAM STOP AT 1770 
USED 9 . 0 7 UNITS 
RUN 
SCCS 23102 0 9 / 0 6 / 6 9 
SIMULATION OF A SUPERCRITICAL STEAM GENERATOR 
WITH THE CONTROL SYSTEM 
93 LUMPS* RUNGE-KUTTA INTEGRATION 
PRINT THE NEW VALUE OF DEMWl?700. 
.WARNING. . . WARNING... WARMING... 
FLOW DEMAND IS ABOVE MAXIMUM VALUE ACCEPTABLE 
TRIP g N I T . . . TRIP U N I T . . . TRI P UN I T . . . 
PROGRAM STOP AT 2530 
USED 9 . 0 7 UNITS 
Fig. 9.18 Computer output illustrating alarms 
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TABLE 9. 6 
SAMPLE OUTPUT FROM DIGITAL SIMULATOR 
RUN S-1 AND RUN S-2 
TIMF WNG 
0.0 0.500F 07 
10.0 0.502F. 07 
20.0 C.500E 07 
30.0 0.496E 07 
40.0 0.492E 07 
50.0 0.4R7E 07 
60.0 0.483E 07 
70.1 0.480E 07 
80.0 0.477E 07 
90.1 0.476E 07 
100.1 0.476E 07 
110.1 0.478E 07 
120.1 0.481E 07 
FWRF 
POWER 
3 9 7 9 . 9 9 
5 6 2 . 8 6 
3 9 7 3 . 3 1 
5 6 9 . 1 4 
3 9 6 0 . 7 1 
5 6 7 . 2 4 
3 9 5 2 . 7 1 
5 6 5 . 8 9 
3 9 4 7 . 5 2 
5 6 4 . 8 1 
3 9 4 7 . 5 2 
5 6 4 . 2 8 
3 9 4 7 . 5 2 
5 6 3 . 5 5 
3 9 4 7 . 5 2 
5 6 2 . 6 5 
3 9 4 9 . 8 2 
5 6 1 . 9 4 
3 9 5 2 . 7 7 
5 6 1 . 2 1 
3 9 5 5 . 8 8 
5 6 0 . 4 8 
3 9 5 9 . 2 2 
5 5 9 . 8 0 
3 9 6 2 . 6 4 
5 5 9 . 2 0 
T 0 ( l f 7 ) 
P 0 ( l , 7 > 
7 5 1 . 6 5 
3 9 1 5 . 6 3 
7 5 2 . 1 0 
3 9 1 4 . 6 8 
7 5 2 . 0 0 
3 9 1 2 . 8 9 
7 5 1 . 8 9 
3 9 1 1 . 7 4 
7 5 1 . 7 1 
3 9 1 0 . 9 9 
7 5 1 . 4 8 
3 9 1 0 . 9 9 
7 5 1 . 1 8 
3 9 1 0 . 9 9 
7 5 0 . 8 3 
3 9 1 0 . 9 9 • 
7 5 0 . 4 9 
3 9 1 1 . 3 2 
7 5 0 . 1 7 
3 9 1 1 . 7 5 
7 4 9 . 8 9 
3 9 1 2 . 1 9 
7 4 9 . 6 7 
3 9 1 2 . 6 7 
7 4 9 . 5 2 
3 9 1 3 . 1 6 
T 0 ( l T l l ) 
P 0 ( 1 , 1 1 ) 
1 0 1 5 . 3 6 
3 6 0 0 . 3 1 
1 0 2 1 . 2 1 
3 6 0 0 . 4 2 
1 0 2 1 . 2 7 
3 6 0 0 . 6 ? 
1 0 2 1 . 2 2 
3 6 0 0 . 7 3 
1 0 2 1 . 0 4 
3 6 0 0 . 8 0 
1 0 2 0 . 6 6 
3 6 0 0 . 8 0 
1 0 2 0 . l i 
3 6 0 0 . 8 0 
1 0 1 9 . 3 8 
3 6 0 0 . 8 0 
1 0 1 8 . 5 1 
3 6 0 0 . 7 7 
1 0 1 7 . 5 3 
3 6 0 0 . 7 3 
1 0 1 6 . 5 0 
3 6 0 0 . 6 8 
1 0 1 5 . 4 8 
3 6 0 0 . 6 4 
1 0 1 4 . 5 2 
3 6 0 0 . 5 8 
T 0 ( 1 , 1 2 ) 
1 0 1 5 . 4 0 
1 0 2 4 . 8 4 
1 0 2 4 . 6 1 
1 0 2 4 . 3 4 
1 0 2 4 . 0 0 
1 0 2 3 . 5 4 
1 0 2 2 . 9 8 
1 0 2 2 . 3 3 
1 0 2 1 . 6 3 
1 0 2 0 . 8 7 
1 0 2 0 . 1 2 
1 0 1 9 . 4 0 
1 0 1 8 . 7 4 
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TABLE 9. 6 CONTINUED 
TIMF 
n o . i 
1 4 0 . 1 
1 5 0 . 1 
1.60.1 
1 7 0 . 1 
1 8 0 . 1 
1<>0.1 
2 0 0 . 1 
2 1 C . 1 
2 2 0 . 1 
2 3 0 . 1 
2 4 0 . 1 
WNG 
0 . 4 8 5 F 
0 . 4 8 9 E 
0 . 4 9 5 F 
0 . 5 0 0 E 
0 . 5 0 6 F 
0 . 5 1 1 F 
0 . 5 1 5 E 
0 . 5 1 9 E 
C . 5 2 1 E 
0 . 5 2 2 F 
0 . 5 2 2 E 















3 ^ 6 6 . 5 4 
5 5 8 . 5 0 
3 9 7 0 . 3 8 
5 5 7 . 6 8 
3 9 7 3 . 0 8 
5 5 7 . 3 1 
3 9 7 7 . 1 8 
5 5 7 . 1 1 
3 9 7 9 . 8 7 
5 5 7 . 0 9 
3 9 8 1 . 7 6 
5 5 7 . 2 5 
3 9 8 2 . 9 1 
5 5 7 . 5 5 
3 9 8 3 . 4 3 
5 5 7 . 9 8 
3 9 8 3 . 4 8 
5 5 8 . 5 1 
3 9 8 3 . 4 8 
5 5 9 . 1 6 
3 9 8 3 . 4 8 
5 5 9 . 8 8 
3 9 R 3 . 4 8 
5 6 0 . 6 2 
T H ( 1 , 7 ) 
P D ( 1 , 7 > 
7 4 8 . 2 1 
3 9 1 3 . 7 1 
7 4 7 . 9 7 
3 9 1 4 . 2 6 
7 4 7 . 7 7 
3 9 1 4 . 7 7 
7 4 7 . 7 6 
3 9 1 5 . 2 3 
7 4 7 . 9 3 
3 9 1 5 . 6 1 
7 4 8 . 2 1 
3 9 1 5 . 3 0 
7 4 8 . 6 1 
3 9 1 5 . 0 9 
7 4 9 . 1 0 
3 9 1 5 . 0 0 
7 4 9 . 6 6 
3 9 1 4 . 9 9 
7 5 0 . 2 1 
3 9 1 4 . 9 9 
7 5 0 . 7 7 
3 9 1 4 . 9 9 
7 5 1 . 2 7 
3 9 1 4 . 9 9 
TD( 1 , 1 1 ) 
P D ( 1 , 11) 
1 0 1 3 . 2 8 
3 6 0 0 . 5 3 
1 0 1 1 . 7 7 
3 6 0 0 . 4 6 
1 0 1 0 . 8 4 
3 6 0 0 . 4 1 
1 0 1 0 . 1 1 
3 6 0 0 . 3 6 
1 0 0 9 . 6 3 
3 6 0 0 . 3 1 
1 0 0 9 . 4 0 
3 5 9 9 . 7 1 
1 0 0 9 . 4 5 
3 5 9 9 . 3 1 
1 0 0 9 . 7 0 
3 5 9 9 . 1 4 
1 0 1 0 . 1 4 
3 5 9 9 . 1 2 
1 0 1 0 . 7 3 
3 5 9 9 . 1 2 
1 0 1 1 . 4 0 
3 5 9 9 . 1 2 
1 0 1 2 . 1 3 
3 5 9 Q . 1 2 
T 0 ( l , 1 2 ) 
1 0 1 8 . 1 7 
1 0 1 7 . 7 0 
1 0 1 7 . 3 6 
1 0 1 7 . 1 6 
1 0 1 7 . 0 9 
1 0 . 1 7 . 1 5 
1 0 1 7 . 3 2 
1 0 1 7 . 5 9 
1 0 1 7 . 9 2 
1 0 1 8 . 3 0 
1 0 1 8 . 6 8 
1 0 1 9 . 0 4 
STEP INCREASE IN FIRING RATE INTRODUCED HFRE , RUN S-1 
0 . 1 0 . 5 2 5 E 07 3 9 8 0 . 0 0 7 5 1 . 3 1 1 0 1 2 . 1 9 1 0 1 9 . 0 5 
5 6 0 . 1 1 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
1 0 . 1 0 . 5 2 5 F 07 3 9 8 0 . 0 0 7 5 3 . 1 6 1 0 1 3 . 1 6 1 0 1 9 . 5 7 
5 6 1 . 1 8 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
2 0 . 1 0 . 5 2 5 E 07 3 9 8 0 . 0 0 7 5 3 . 9 3 1 0 1 4 . 9 2 1 0 2 0 . 0 8 
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TABLE 9. 6 CONTINUED 
TIME 
3 0 . 1 
4 0 . 1 
5 0 . 1 
6 0 . 1 
7 0 . 1 
8 0 . 1 
9 0 . 1 
1 0 0 . 1 
1 1 0 . 1 
1 2 0 . 1 
1 3 0 . 1 
1 4 0 . 1 
1 5 0 . 1 
1 6 0 . 1 
WNG 
0 . 5 2 5 F 
0 . 5 2 5 F 
0 . 5 2 5 E 
0 . 5 2 5 E 
0 . 5 2 5 E 
0 . 5 2 5 E 
0 . 5 2 5 E 
0 . 5 2 5 E 
C . 5 2 5 E 
0 . 5 2 5 E 
0 . 5 2 5 E 
0 . 5 2 5 E 
0 . 5 2 5 E 

















5 6 2 . 7 5 
3 9 8 0 . 0 0 
5 6 4 . 0 1 
3 9 8 0 . 0 0 
5 6 5 . 3 2 
3 9 8 0 . 0 0 
5 6 6 . 6 4 
3 9 8 0 . 0 0 
5 6 7 . 9 8 
3 9 R 0 . 0 0 
5 6 9 . 3 3 
3 9 8 0 . 0 0 
5 7 0 . 6 7 
3 9 8 0 . 0 0 
5 7 2 . 0 2 
3 9 8 0 . 0 0 
5 7 3 . 3 7 
3 9 8 0 . 0 0 
5 7 4 . 7 0 
3 9 8 0 . 0 0 
5 7 6 . 0 2 
3 9 8 0 . 0 0 
5 7 7 . 3 3 
3 9 8 0 . 0 0 
5 7 8 . 6 3 
3 9 8 0 . 0 0 
5 7 9 . 9 1 
3 9 8 0 . 0 0 
5 8 1 . 1 5 
T 0 ( l , 7 ) 
P O ( l , 7 ) 
3 9 1 5 . 6 3 
7 5 4 . 7 7 
3 9 1 5 . 6 3 
7 5 5 . 4 5 
3 9 1 5 . 6 3 
7 5 5 . 9 9 
3 9 1 5 . 6 3 
7 5 6 . 4 0 
3 9 1 5 . 6 3 
7 5 6 . 7 1 
3 9 1 5 . 6 3 
7 5 6 . 9 4 
3 9 1 5 . 6 3 
7 5 7 . 1 0 
3 9 1 5 . 6 3 
7 5 7 . 2 3 
3 9 1 5 . 6 3 
7 5 7 . 3 1 
3 9 1 5 . 6 3 
7 5 7 . 3 7 
3 9 1 5 . 6 3 
7 5 7 . 4 0 
3 9 1 5 . 6 3 
7 5 7 . 4 1 
3 9 1 5 . 6 3 
7 5 7 . 4 1 
3 9 1 5 . 6 3 
7 5 7 . 4 2 
3 9 1 5 . 6 3 
T O l l f 1 1 ) 
P 0 ( 1 , 1 1 ) 
3 6 0 0 . 3 1 
1 0 1 6 . 2 5 
3 6 0 0 . 3 1 
1 0 1 7 . 6 4 
3 6 0 0 . 3 1 
1 0 1 9 . 0 8 
3 6 0 0 . 3 1 
1 0 2 0 . 5 5 
3 6 0 0 . 3 1 
1 0 2 2 . 0 5 
3 6 0 0 . 3 1 
1 0 2 3 . 5 5 
3 6 0 0 . 3 1 
1 0 2 5 . 0 7 
3 6 0 0 . 3 1 
1 0 2 6 . 6 1 
3 6 0 0 . 3 1 
1 0 2 8 . 1 3 
3 6 0 0 . 3 1 
1 0 2 9 . 6 4 
3 6 0 0 . 3 1 
1 0 3 1 . 1 6 
3 6 0 0 . 3 1 
1 0 3 2 . 6 6 
3 6 0 0 . 3 1 
1 0 3 4 . 1 3 
3 6 0 0 . 3 1 
1 0 3 5 . 6 0 
3 6 0 0 . 3 1 
T0( 1 , 1 2 ) 
1 0 2 0 . 5 6 
1 0 2 1 . 0 4 
1 0 2 1 . 4 9 
1 0 2 1 . 9 4 
1 0 2 2 . 3 6 
1 0 2 2 . 7 8 
1 0 2 3 . 1 8 
1 0 2 3 . 5 7 
1 0 2 3 . 9 4 
1 0 2 4 . 3 1 
1 0 2 4 . 6 6 
1 0 2 4 . 9 9 
1 0 2 5 . 3 3 
1 0 2 5 . 6 4 
TABLE 9. 6 CONTINUED 
TIME WNG 
1 7 0 . 1 0.525E 07 
180 .1 C.525E 07 
1 9 0 . 1 0.525E 07 
2 0 0 . 1 0.525E 07 
2 1 0 . 1 0.525E 07 
2 2 0 . 1 0 .525E 07 
2 3 0 . 1 0.525E 07 
2 4 0 . 1 0.525E 07 
2 5 0 . 1 0.525E 07 
2 6 0 . 1 0.525E 07 
2 7 0 . 1 0.525E 07 
280 .0 0.525E Q7 
290 .0 0.525E 07 
3 0 0 . 0 0.525E 07 
3 1 0 . 1 0.525E 07 
FWRE 
POWER 
3 9 8 0 . 0 0 
5 8 2 . 3 9 
3 9 8 0 . 0 0 
5 8 3 . 6 0 
3 9 8 0 . 0 0 
5 8 4 . 7 9 
3 9 R 0 . 0 0 
5 8 5 . 9 6 
3 9 8 0 . 0 0 
5 8 7 . 0 9 
3 9 8 0 . 0 0 
5 8 8 . 2 1 
3 9 8 0 . 0 0 
5 8 9 . 3 0 
3 9 8 0 . 0 0 
5 9 0 . 3 6 
3 9 R 0 . 0 0 
5 9 1 . 4 1 
3 9 8 0 . 0 0 
5 9 2 . 4 1 
3 9 8 0 . 0 0 
5 9 3 . 4 1 
3 9 8 0 . 0 0 
5 9 4 . 3 7 
3 9 8 0 . 0 0 
5 9 5 . 3 1 
3 9 3 0 . 0 0 
5 9 6 . 2 3 
3 9 8 0 . 0 0 
5 9 7 . 1 3 
T n < i , 7 ) 
P 0 ( l , 7 ) 
75 7 . 4 0 
3 9 1 5 . 6 3 
7 5 7 . 4 0 
3 9 1 5 . 6 3 
7 5 7 . 3 8 
3 9 1 5 . 6 3 
7 5 7 . 3 6 
3 9 1 5 . 6 3 
7 5 7 . 3 5 
3 9 1 5 , 6 3 
7 5 7 . 3 4 
3 9 1 5 . 6 3 
7 5 7 . 3 2 
3 9 1 5 . 6 3 
7 5 7 . 3 0 
3 9 1 5 . 6 3 
7 5 7 . 2 9 
3 9 1 5 . 6 3 
7 5 7 . 2 8 
3 9 1 5 . 6 3 
7 5 7 . 2 7 
3 9 1 5 . 6 3 
7 5 7 . 2 6 
3 9 1 5 . 6 3 
7 5 7 . 2 5 
3 9 1 5 . 6 3 
7 5 7 . 2 5 
3 9 1 5 . 6 3 
7 5 7 . 2 5 
3 9 1 5 . 6 3 
T O ( l t 1 1 ) 
P O ( 1 , 1 1 ) 
1 0 3 7 . 0 4 
36C0 .31 
1 0 3 8 . 4 7 
3 6 0 0 . 3 1 
1 0 3 9 . 8 7 
3 6 0 0 . 3 1 
1 0 4 1 . 2 5 
3 6 0 0 . 3 1 
1 0 4 2 . 6 0 
3 6 0 0 . 3 1 
1 0 4 3 . 9 2 
3 6 0 0 . 3 1 
1 0 4 5 . 2 2 
3 6 0 0 . 3 1 
1 0 4 6 . 4 9 
3 6 0 0 . 3 1 
1 0 4 7 . 7 4 
3 6 0 0 . 3 1 
1 0 4 8 . 9 4 
3 6 0 0 . 3 1 
1 0 5 0 . 1 3 
3 6 0 0 . 3 1 
1 0 5 1 . 2 9 
3 6 0 0 . 3 1 
1 0 5 2 . 4 2 
3 6 0 0 . 3 1 
1 0 5 3 . 5 2 
3 6 0 0 . 3 1 
1 0 5 4 . 6 1 
3 6 0 0 . 3 1 

















. 9 5 
. 2 4 
, 5 4 
, 8 1 
, 0 8 
. 3 4 
, 5 9 
,84 








TABLE 9. 6 CONTINUED 
TIME WNG FWRE T 0 ( l , 7 ) T n ( l , U ) T O ( l , 1 2 ) 
POWER P 0 ( l , 7 ) P O ( l , l l ) 
3 2 0 . 1 G . 5 2 5 F 07 
3 3 0 . 1 0 . 5 2 5 E 07 
3 4 C . 1 0 . 5 2 5 E 07 
3 5 0 . 0 0 . 5 2 5 E 07 
3 6 0 . 0 0.525E 07 
3 7 0 . 0 0.525E 07 
3 8 0 . 1 0 . 5 2 5 E 07 
3 ^ 0 . 1 0 . 5 2 5 E 07 
4 0 0 . 1 0 . 5 2 5 E 07 
4 1 0 . 1 0 . 5 2 5 E 07 
4 2 0 . 0 0 .52 5E 07 
4 3 0 . 0 0 . 5 2 5 E 07 
4 4 0 . 0 0.525E 07 



















3 9 8 0 . 0 0 





3 9 8 0 . 0 0 
6 0 6 . 7 1 
3930.00 
607.31 
7 5 7 . 2 5 
3 9 1 5 . 6 3 
7 5 7 . 2 5 
3 9 1 5 . 6 3 
7 5 7 . 2 5 
3 9 1 5 . 6 3 
7 5 7 . 2 5 
3 9 1 5 . 6 3 
7 5 7 . 2 5 
3 9 1 5 . 6 3 
7 5 7 . 2 5 
3 9 1 5 . 6 3 
7 5 7 . 2 5 
3 9 1 5 . 6 3 
7 5 7 . 2 6 
3 9 1 5 . 6 3 
7 5 7 . 2 5 
3 9 1 5 . 6 3 
7 5 7 . 2 5 
3 9 1 5 . 6 3 
7 5 7 . 2 5 
3 9 1 5 . 6 3 
7 5 7 . 2 6 
3 9 1 5 . 6 3 
7 5 7 . 2 6 
3 9 1 5 . 6 3 
757 .26 
3 9 1 5 . 6 3 
1 0 5 5 . 6 6 
3 6 0 0 . 3 1 
1 0 5 6 . 6 8 
3 6 0 0 . 3 1 
1 0 5 7 . 6 7 
3 6 0 0 . 3 1 
1 0 5 8 . 6 4 
3 6 0 0 . 3 1 
1 0 5 9 . 5 9 
3 6 0 0 . 3 1 
1 0 6 0 . 5 1 
3 6 0 0 . 3 1 
1 0 6 1 . 4 0 
3 6 0 0 . 3 1 
1 0 6 2 . 2 7 
3 6 0 0 . 3 1 
1 0 6 3 . 1 1 
3 6 0 0 . 3 1 
1 0 6 3 . 9 3 























460.1 0.525E 07 3980.00 757.26 1067.70 1031.57 
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TABLE 9. 6 CONTINUED 
TIME WNG 
4 7 0 . 1 0.525F 07 
4 8 0 . 0 0.525E 07 
4 9 0 . 0 0.525E 07 
5 0 0 . 0 0.525F 07 
5 1 0 . 0 0 .525E 07 
5 2 0 . 1 0.525E 07 
5 3 0 . 1 0.525E 07 
5 4 0 . 1 0.525E 07 
5 5 0 . 0 0.525E 07 
5 6 0 . 0 0.525E 07 
5 7 0 . 0 0.525F 07 
5 8 0 . 0 0.525E 07 
5 9 0 . 1 0.525E 07 
6 0 0 . 1 0.525E 07 
FWPF 
POWER 
6 0 7 . R 9 
3 9 8 0 . 0 0 
6 0 8 . 4 5 
3 9 R 0 . 0 O 
6 0 8 . 9 9 
3 9 8 0 . 0 0 
6 0 9 . 5 2 
3 9 8 0 . 0 0 
6 1 0 . 0 4 
3 9 8 0 . 0 0 
6 1 0 . 5 3 
3 9 R 0 . 0 0 
6 1 1 . 0 1 
3 9 8 0 . 0 0 
6 1 1 . 4 8 
3 9 8 0 . 0 0 
6 1 1 . 9 4 
3 9 8 0 . 0 0 
6 1 2 . 3 8 
3 9 8 0 . 0 0 
6 1 2 . 8 0 
3 9 8 0 . 0 0 
6 1 3 . 2 2 
3 9 8 0 . 0 0 
6 1 3 . 6 2 
3 9 8 0 . 0 0 
6 1 4 . 0 1 
3 9 3 0 . 0 0 
6 1 4 . 3 8 
T O ' 1 , 7 ) 
P 0 ( l , 7 ) 
3 9 1 5 . 6 3 
7 5 7 . 2 7 
3 9 1 5 . 6 3 
7 5 7 . 2 7 
3 9 1 5 . 6 3 
7 5 7 . 2 7 
3 9 1 5 . 6 3 
7 5 7 . 2 8 
3 9 1 5 . 6 3 
7 5 7 . 2 8 
. 3 9 1 5 . 6 3 
7 5 7 . 2 8 
3 9 1 5 . 6 3 
7 5 7 . 2 8 
3 9 1 5 . 6 3 
7 5 7 . 2 8 
3 9 1 5 . 6 3 
7 5 7 . 2 9 
3 9 1 5 . 6 3 
7 5 7 . 2 9 
3 9 1 5 . 6 3 
7 5 7 . 2 9 
3 9 1 5 . 6 3 
7 5 7 . 3 0 
3 9 1 5 . 6 3 
7 5 7 . 3 0 
3 9 1 5 . 6 3 
7 5 7 . 3 0 
3 9 1 5 . 6 3 
T O ( 1 , 1 1 ) 
P O < 1 , 1 1 ) 
3 6 0 0 . 3 1 
1 0 6 8 . 3 8 
3 6 0 0 . 3 1 
1 0 6 9 . 0 5 
3 6 0 0 . 3 1 
1 0 6 9 . 6 9 
3 6 0 0 . 3 1 
1 0 7 0 . 3 3 
3 6 0 0 . 3 1 
1 0 7 0 . 9 4 
3 6 0 0 . 3 1 
1 0 7 1 . 5 3 
3 6 0 0 . 3 1 
1 0 7 2 . 1 1 
3 6 0 0 . 3 1 
1 0 7 2 . 6 6 
3 6 0 0 . 3 1 
1 0 7 3 . 2 0 
3 6 0 0 . 3 1 
1 0 7 3 . 7 3 
3 6 0 0 . 3 1 
1 0 7 4 . 2 3 
3 6 0 0 . 3 1 
1 0 7 4 . 7 3 
3 6 0 0 . 3 1 
1 0 7 5 . 2 1 
3 6 0 0 . 3 1 
1 0 7 5 . 6 7 
3 6 0 0 . 3 1 
T O d t : 
1 0 3 1 , 
1 0 3 1 , 
1 0 3 1 , 
1 0 3 2 , 
1 0 3 2 . 
1 0 3 2 , 
1 0 3 2 . 
1 0 3 2 . 
1 0 3 2 . 
1 0 3 2 . 
1 0 3 2 . 
1 0 3 2 . 
1 0 3 2 . 
1 0 3 2 . 
12) 
. 6 8 
. 7 9 
. 9 0 
. 0 2 
. 1 0 
. 2 0 
, 2 8 
, 3 8 







TABLE 9. 6 CONTINUED 
TIME WNG 
TFP DECREASE 
0 . 1 
1 0 . 1 
2 0 . 1 
3 0 . 1 
4 0 . 1 
5 0 . 1 
6 0 . 1 
7 0 . 1 
8 0 . 1 
9 0 . 1 
1 0 0 . 1 
1 1 0 . 1 
1 2 0 . 1 
1 3 0 . 1 
1 4 0 . 1 
0 . 5 0 0 E 
0 . 5 0 0 E 
0 . 5 0 0 E 
0 . 5 0 0 E 
0 . 5 0 0 E 
0 . 5 0 0 F 
0 . 5 0 0 F 
0 . 5 0 0 E 
0 . 5 0 0 E 
0 . 5 0 0 E 
0 . 5 C 0 E 
0 . 5 0 0 E 
C . 5 0 0 E 
0 . 5 0 0 E 



















F I R I N G RATE 
3 9 8 0 . 0 0 
6 1 4 . 3 R 
3 9 8 0 . 0 0 
6 1 3 . 6 1 
3 9 8 0 . 0 0 
6 1 2 . 9 1 
3 9 8 0 . n o 
6 1 2 . 1 8 
3 9 8 C . 0 0 
6 1 1 . 4 3 
3 9 8 0 . 0 0 
6 1 0 . 6 6 
3 9 8 0 . 0 0 
6 0 9 . 8 7 
3 9 8 0 . 0 0 
6 0 9 . 0 7 
3 9 8 0 . 0 0 
6 0 8 . 2 4 
3 9 R 0 . 0 0 
6 0 7 . 4 1 
3 9 8 0 . 0 0 
6 0 6 . 5 7 
3 9 8 0 . 0 0 
6 0 5 . 7 1 
3 9 8 0 . 0 0 
6 0 4 . 8 6 
3 9 R 0 . 0 0 
6 0 4 . 0 0 
3 9 8 0 . 0 0 
T 0 ( l , 7 ) 
P 0 ( l , 7 ) 
T 0 ( 1 , 1 1 ) 
P 0 ( 1 , 1 1 ) 
INTRODUCED HERE , 
7 5 7 . 3 0 
3 9 1 5 . 6 3 
7 5 6 . 5 5 
3 9 1 5 . 6 3 
7 5 5 . 9 3 
3 9 1 5 . 6 3 
7 5 5 . 4 3 
3 9 1 5 . 6 3 
7 5 5 . 0 2 
3 9 1 5 . 6 3 
7 5 4 . 6 7 
3 9 1 5 . 6 3 
7 5 4 . 3 7 
3 9 1 5 . 6 3 
7 5 4 . 1 2 
3 9 1 5 . 6 3 
7 5 3 . 9 0 
3 9 1 5 . 6 3 
7 5 3 . 7 1 
3 9 1 5 . 6 3 
7 5 3 . 5 4 
3 9 1 5 . 6 3 
7 5 3 . 4 0 
3 9 1 5 . 6 3 
7 5 3 . 2 7 
3 9 1 5 . 6 3 
7 5 3 . 1 5 
3 9 1 5 . 6 3 
7 5 3 . 0 5 
1 0 7 5 . 6 8 
3 6 0 0 . 3 1 
1 0 7 5 . 0 6 
3 6 0 0 . 3 1 
1 0 7 4 . 5 2 
3 6 0 0 . 3 1 
1 0 7 3 . 9 5 
3 6 0 0 . 3 1 
1 0 7 3 . 3 3 
3 6 0 0 . 3 1 
1 0 7 2 . 6 7 
3 6 0 0 . 3 1 
1 0 7 1 . 9 6 
3 6 0 0 . 3 1 
1 0 7 1 . 2 2 
3 6 0 0 . 3 1 
1 0 7 0 . 4 5 
3 6 0 0 . 3 1 
1 0 6 9 . 6 5 
3 6 0 0 . 3 1 
1 0 6 8 . 8 2 
3 6 0 0 . 3 1 
1 0 6 7 . 9 7 
3 6 0 0 . 3 1 
1 0 6 7 . 1 1 
3 6 0 0 . 3 1 
1 0 6 6 . 2 3 
3 6 0 0 . 3 1 
1 0 6 5 . 3 3 
T 0 ( 1 , 1 2 ) 
RUN S - 2 
1 0 3 2 . 8 6 
1 0 3 2 . 3 0 
1 0 3 1 . 7 3 
1 0 3 1 . 1 9 
1 0 3 0 . 6 6 
1 0 3 0 . 1 5 
1 0 2 9 . 6 6 
1 0 2 9 . 1 7 
1 0 2 8 . 7 1 
1 0 2 8 . 2 6 
1 0 2 7 . 8 4 
1 0 2 7 . 4 1 
1 0 2 7 . 0 1 
1 0 2 6 . 6 2 
1 0 2 6 . 2 4 
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TABLE 9. 6 CONTINUED 
TIME WNG FWRE T 0 ( l , 7 ) T 0 ( 1 , 1 1 ) T 0 ( l , 1 2 ) 
POWER P O ( l , 7 ) P 0 ( 1 , 1 1 ) 
6 0 3 . 1 3 3 9 1 5 . 6 3 3600 .31 
1 5 0 . 1 0.500E 07 3 9 8 0 . 0 0 7 5 2 . 9 6 1064 .43 1025 .38 
6 0 2 . 2 7 -3915 .63 3600 .31 
160 .1 0.500E 07 3 9 8 0 . 0 0 7 5 2 . 8 8 1 0 6 3 . 5 1 1025 .52 
6 0 1 . 4 0 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
1 7 0 . 1 0.500E 07 3 9 8 0 . 0 0 7 5 2 . 8 0 1062.59 1025 .18 
6 0 0 . 5 4 3 9 1 5 . 6 3 3600 .31 
1 8 0 . 1 0 .500E 07 3 9 8 0 . 0 0 7 5 2 . 7 3 1061.66 1 0 2 4 . 8 5 
5 9 9 . 6 8 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
1 9 0 . 1 0 .500E 07 3 9 8 0 . 0 0 7 5 2 . 6 7 1060 .73 1 0 2 4 . 5 3 
5 9 8 . 8 2 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
2 0 0 . 1 0 .500E 07 3 9 8 0 . 0 0 7 5 2 . 6 3 1 0 5 9 . 8 1 1024 .22 
5 9 7 . 9 8 3 9 1 5 . 6 3 3600 .31 
2 1 0 . 1 0 .500E 07 3 9 8 0 . 0 0 7 5 2 . 5 7 1058.90 1023 .92 
5 9 7 . 1 4 3 9 1 5 . 6 3 3600 .31 
2 2 0 . 1 0 .500E 07 3 9 8 0 . 0 0 752.5.3 1057 .97 1023 .63 
5 9 6 . 3 1 3 9 1 5 . 6 3 3600 .31 
2 3 0 . 1 0 .500E 07 3 9 8 0 . 0 0 7 5 2 . 4 8 1057 .07 1023 .35 
5 9 5 . 4 9 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
2 4 0 . 1 0 .500E 07 3 9 8 0 . 0 0 7 5 2 . 4 4 1056 .16 1023 .08 
5 9 4 . 6 7 3 9 1 5 . 6 3 3600 .31 
2 5 0 . 1 0.50CE 07 3 9 8 0 . 0 0 7 5 2 . 4 2 ' 1055 .25 1022 .82 
5 9 3 . 8 7 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
2 6 0 . 1 0.500E 07 3 9 8 0 . 0 0 7 5 2 . 3 8 1054 .37 1 0 2 2 . 5 7 
5 9 3 . 0 8 3 9 1 5 . 6 3 3600 .31 
2 7 0 . 1 0 .500E 07 3 9 8 0 . 0 0 7 5 2 . 3 6 1053 .48 1022 .31 
5 9 2 . 3 0 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
280 .0 0 .500E 07 3 9 8 0 . 0 0 7 5 2 . 3 3 1052 .62 1 0 2 2 . 0 7 
5 9 1 . 5 2 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
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TABLE 9. 6 CONTINUED 
TIMF WNG FWRE T 0 ( l , 7 ) T O ( l , l l ) T 0 ( l , 1 2 ) 
- POWER P O ( i , 7 ) P 0 ( 1 , 1 1 ) 
2 9 0 . 0 0 . 5 0 0 F 07 3 9 8 0 . 0 0 7 5 2 . 3 0 1 0 5 1 . 7 5 1 0 2 1 . 8 5 
5 9 0 . 7 7 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
3 0 0 . 0 0 .5C0E 07 3 9 8 0 . 0 0 7 5 2 . 2 8 1 0 5 0 . 9 1 1 0 2 1 . 6 3 
5 9 0 . 0 3 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
3 1 0 . 1 0 . 5 0 0 E 07 3 9 8 0 . 0 0 7 5 2 . 2 6 1 0 5 0 . 0 7 1 0 2 1 . 4 0 
5 8 9 . 2 9 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
3 2 0 . 1 0 . 5 0 0 E 07 3 9 8 0 . 0 0 7 5 2 . 2 4 1 0 4 9 . 2 5 1 0 2 1 . 2 0 
5 8 8 . 5 8 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
3 3 0 . 1 0 . 5 0 0 E 07 3 9 8 0 . 0 0 7 5 2 . 2 2 1 0 4 8 . 4 5 1 0 2 1 . 0 1 
5 8 7 . 8 8 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
3 4 0 . 1 0 . 5 0 0 E 07 3 9 8 0 . 0 0 7 5 2 . 2 1 1 0 4 7 . 6 6 1 0 2 0 . 8 0 
5 8 7 . 1 9 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
3 5 0 . 0 0 . 5 0 0 E 07 3 9 8 0 . 0 0 7 5 2 . 1 8 1 0 4 6 . 8 8 1 0 2 0 . 6 1 
5 8 6 . 5 2 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
3 6 0 . 0 0 . 5 0 0 F 07 3 9 8 0 . 0 0 7 5 2 . 1 7 1 0 4 6 . 1 3 1 0 2 0 . 4 4 
5 8 5 . 8 7 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
3 7 0 . 0 0 . 5 0 0 E 07 3 9 8 0 . 0 0 7 5 2 . 1 6 1 0 4 5 . 3 8 1 0 2 0 . 2 6 
5 8 5 . 2 2 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
3 8 0 . 1 0 . 5 0 0 E 0 7 3 9 8 0 . 0 0 7 5 2 . 1 4 1 0 4 4 . 6 4 1 0 2 0 . 0 8 
5 8 4 . 5 8 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
3 9 0 . 1 0 . 5 0 0 E 07 3 9 8 0 . 0 0 7 5 2 . 1 3 1 0 4 3 . 9 4 1 0 1 9 . 9 2 
5 8 3 . 9 8 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
4 0 0 . 1 0 . 5 0 0 E 07 3 9 8 0 . 0 0 7 5 2 . 1 2 1 0 4 3 . 2 4 1 0 1 9 . 7 7 
5 8 3 . 3 8 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
4 1 0 . 1 0 . 5 0 0 E 0 7 3 9 8 0 . 0 0 7 5 2 . 1 1 1 0 4 2 . 5 6 1 0 1 9 . 6 1 
5 8 2 . 7 9 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
4 2 0 . 0 0 . 5 0 0 E 07 ' 3 9 3 0 . 0 0 7 5 2 . 1 0 1 0 4 1 . 9 0 1 0 1 9 . 4 6 
5 8 2 . 2 2 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
4 3 0 . 0 0 . 5 0 0 E 07 3 9 8 0 . 0 0 7 5 2 . 0 9 1 0 4 1 . 2 5 1 0 1 9 . 3 1 
5 8 1 . 6 7 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
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TABLE 9. 6 CONTINUED 
TIME WNG 
440.0 0.500E 07 
450.1 0.500F 07 
460.1 C.500E 07 
470.1 0.500E 07 
480.0 0.500E 07 
490.0 0.500E 07 
500.0 0.500E 07 
510.0 0.500E 07 
520.1 0.500E 07 
530.1 0.500E 07 
540.1 0.500E 07 
550.0 0.500E 07 
560.0 0.500E 07 
570.0 0.500E 07 
580.0 0.500E 07 
PWRE 
POWER 
3 9 3 0 . 0 0 
5 8 1 . 1 3 
3 9 8 0 . 0 0 
5 8 0 . 6 0 
3 9 8 0 . 0 0 
5 8 0 . 0 9 
3 9 3 0 . 0 0 
5 7 9 . 5 8 
3 9 8 0 . 0 0 
5 7 9 . 1 0 
3 9 8 0 . 0 0 
5 7 8 . 6 3 
3 9 8 0 . 0 0 
5 7 8 . 1 7 
3 9 8 0 . 0 0 
5 7 7 . 7 2 
3 9 8 0 . 0 0 
5 7 7 . 2 8 
3 9 8 0 . 0 0 
5 7 6 . 8 6 
3 9 8 0 . 0 0 
5 7 6 . 4 5 
3 9 8 0 . 0 0 
5 7 6 . 0 6 
3 9 8 0 . 0 0 
5 7 5 . 6 8 
3 9 8 0 . 0 0 
5 7 5 . 3 0 
3 9 8 0 . 0 0 
T 0 U . 7 ) 
P O ( l , 7 ) 
7 5 2 . 0 9 
3 9 1 5 . 6 3 
7 5 2 . 0 8 
3 9 1 5 . 6 3 
7 5 2 . 0 7 
3 9 1 5 . 6 3 
7 5 2 . 0 7 
3 9 1 5 . 6 3 
7 5 2 . 0 6 
3 9 1 5 . 6 3 
7 5 2 . 0 5 
3 9 1 5 . 6 3 
7 5 2 . 0 5 
3 9 1 5 . 6 3 
7 5 2 . 0 4 
3 9 1 5 . 6 3 
7 5 2 . 0 4 
3 9 1 5 . 6 3 
' 7 5 2 . 0 3 
3 9 1 5 . 6 3 
7 5 2 . 0 3 
3 9 1 5 . 6 3 
7 5 2 . 0 3 
3 9 1 5 . 6 3 
7 5 2 . 0 2 
3 9 1 5 . 6 3 
75 2 . 0 2 
3 9 1 5 . 6 3 
7 5 2 . 0 2 
T O ( l t l l ) 
P O ( 1 , 1 1 ) 
1 0 4 0 . 6 3 
3 6 0 0 . 3 1 
1 0 4 0 . 0 0 
3 6 0 0 . 3 1 
1 0 3 9 . 4 1 
3 6 0 0 . 3 1 
1 0 3 8 . 8 2 
3 6 0 0 . 3 1 
1 0 3 8 . 2 5 
3 6 0 0 . 3 1 
1 0 3 7 . 7 0 
3 6 0 0 . 3 1 
1 0 3 7 . 1 6 
3 6 0 0 . 3 1 
1 0 3 6 . 6 3 
3 6 0 0 . 3 1 
1 0 3 6 . 1 3 
3 6 0 0 . 3 1 
1 0 3 5 . 6 3 
3 6 0 0 . 3 1 
1 0 3 5 . 1 6 
3 6 0 0 . 3 1 
1 0 3 4 . 6 9 
3 6 0 0 . 3 1 
1 0 3 4 . 2 3 
3 6 0 0 . 3 1 
1 0 3 3 . 7 8 
3 6 0 0 . 3 1 
1 0 3 3 . 3 6 
T O ( 1 , 1 
1 0 1 9 . 
1 0 1 9 . 
1 0 1 8 , 
1 0 1 8 , 
1 0 1 8 . 
i 0 i 8 . 
1 0 1 8 , 
1 0 1 8 . 
1 0 1 8 . 
1 0 1 8 . 
1 0 1 8 , 
1 0 1 7 . 
1 0 1 7 , 
1 0 1 7 . 
1 0 1 7 . 
L2) 
. 1 8 
. 0 4 
. 9 1 
. 7 8 
, 6 6 
. 5 5 
. 4 4 
, 3 2 
, 2 1 
,10 
, 0 1 
,92 




TABLE 9. 6 CONTINUED 
TIME WNG FWRE T 0 ( l , 7 ) T O ( l , l l ) T O ( l , 1 2 ) 
POWER P 0 ( l , 7 ) P n ( l , H ) 
5 7 4 . 9 4 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
5 9 0 . 1 0 . 5 0 0 E 07 3 9 8 0 . 0 0 7 5 2 . 0 2 1 0 3 2 . 9 5 1 0 1 7 . 5 6 
5 7 4 . 5 9 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
6 0 0 . 1 0 . 5 0 0 E 07 3 9 8 0 . 0 0 7 5 2 . 0 1 1 0 3 2 . 5 4 1 0 1 7 . 4 7 
5 7 4 . 2 4 3 9 1 5 . 6 3 3 6 0 0 . 3 1 
CHAPTER 10 
DESCRIPTION OF THE ACTUAL PLANT TESTS AND 
THEIR COMPARISON WITH THE SIMULATED TESTS 
The testing of a unit the size of the simulated plant, which is rated at 
560 megawatts, is not a simple task. It is not an experiment such as one 
would perform in a laboratory that may have run several times before. There 
was considerable planning involved such as obtaining the various clearances in 
order to operate the plant in a way that was different than the scheduled opera-
tion. It is not desirable, under any circumstances, to subject a plant of this 
importance to operational changes which could even remotely cause the unit to 
trip from the line and thereby cause a disruption in the power flow to the grid. 
The simulated unit is a base loaded unit for the system and hence could be 
operated only at certain loads during certain parts of the year. For example, 
during the summer months when the power system must generate its peak load 
in this area due to the hot weather and the high density of air conditioning loads, 
there would be no opportunity to test the unit at reduced loads. Also, scheduled 
maintenance for the unit had to be considered when making the plans for the 
test. After consultation with the operational personnel, it was determined that 
the best time in the year to test the plant would be in the spring just after its 
maintenance period and before other units were taken off the line so there would 
be a ready reserve in the system in case of an emergency. It was desired to 
test the unit at its full operational load and also at a reduced load. Since the 
unit would normally operate at its full operational load during the day time 
peaking periods, and since this unit is base loaded, full load conditions would 
be from 8 a. m. until sometime after 8 p. m. After that time, it would be pos-
sible to reduce the load on the unit to approximately half load. 
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The clearances were made to use the unit under these test conditions which 
will be pre scribed later and a date was set for the testing. The tests were 
authorized and scheduled to be run on April 10, 1969. 
It had been hoped to get a rather large step variation in the controlled 
variables of the plant; however, it was determined that a large variation in the 
controlled variables under an open loop condition would give rise to variable 
changes that would exceed the limits which the unit is capable of handling with-
out causing an automatic trip out of the unit, which, of course, as has been 
mentioned, is completely out of the question. Hence, the changes in the con-
trolled variables which could be allowed had to be limited to 5% or less, 
depending upon how the plant process functioned when the variable was changed. 
Most of the tests were to be run in an open loop configuration in order to deter-
mine what the response of the system was under these conditions. Only one 
test was run with the control system completely included. 
In the ramp change from approximately full load to approximately half load, 
the control system was included in order that the variable changes within the 
unit would not exceed the tolerable values. 
Within the simulated plant, there are approximately 500 test points from 
which data may be taken. Some of these points are measured parameters, such 
as throttle pressure, while some of the parameters are actually computed by 
use of the digital logging computer which measures other values and then uses 
an appropriate equation or averaging technique to obtain another variable of 
interest within the system. Two of these variables are spray flow and reheat 
steam flow. 
There are four ways in which the information about the operation of the 
plant can be displayed to an operator or other people who would be interested in 
the operation data of the plant. The first is a direct readout of the various 
instruments, gauges, and charts which are available on the operator's control 
panel. These recorders are very important for the daily, minute-by-minute, 
operation of the plant, but are not particularly useful in terms of obtaining a 
large quantity of data for analysis at a later time. Due to the relatively low 
sampling rate which could be obtained with this technique, only a very slow 
variable variation could be recorded. 
Second, there were six available trend recorders which could be used. 
These actually consisted of two instruments with three pens in each instrument. 
Each pen had an adjustable gain and zero and upper maximum setting points. 
These trend recorders received their information by a logic selection through 
the digital computer which was used for logging; hence, any one of the 500 
variables could be chosen for the trend recorder values. 
A limitation of the trend recorder was that the gears which are used to 
drive these particular units had speeds which were relatively slow and hence 
the limitation, mentioned in the previous recording technique is also true here 
in that the variables which were recorded could only be observed if they had a 
very slow rate of change; therefore, fast transients could not be observed or 
recorded. 
Third, there was a Friden flexowriter coupled to the CDC digital computer 
which is used for logging, and with the proper programming of the digital 
computer a list could be set up for the flexowriter which could accomodate 38 
of the 500 available variables on one typewriter. In addition, another type-
writer could be coupled to give an additional data logging capability. On those 
units, the variables are logged at a time interval of approximately one minute, 
hence, here again, if there would be a rapid transient, the effect might be lost 
by the relatively low sampling ra te . 
Most of the plant time constants are of the order of 7 minutes. This output 
proved to be the best and easiest method of getting the information for plotting 
the curves as will be seen in a later table. 
If, for some reason, the typewriter malfunctioned during the test runs, the 
digital computer monitoring this output would sense the malfunction and would 
automatically start a high speed paper tape punch which would record the mal -
function. The paper tape would then be fed through a flexowriter equipped with 
a paper tape reader and the output would be recorded in a typed form. 
Fourth, for the standard output of the CDC logging computer there was a 
series of lists which were available. Each list could accomodate 8 variables 
and each list could be scanned at a different scanning rate. At the start of the 
preliminary test runs, 5 lists were formed with variable scan rates. List 1 
had a 10 second rate, with list 2 to 5 having a 20 second scan rate. The va r i -
ables were arranged in an order which was easily identifiable, in that they were 
set up in such a manner that they followed sequentially around the fluid flow 
path of the unit. 
After the first preliminary test run was made it was determined that the 
lists had a priority within the computer, such that only the first list could be 
completed each time with the scan rates which were originally chosen and with 
the number of variables which were desired. Hence, the lists were rearranged 
into a more workable form and shortened so that they could be accomodated 
with the scan rates desired in order to observe transients in particular va r i -
ables of interest. 
After some of the variables were taken off the CDC lists, they were added 
to the flexowriter list at the one minute scan rate. A list of the most important 
recorded plant variables is given in Table 10.1. The three columns there 
represent, first, the computer variable mnemonic name, second, the plant 
function and third, the units. An example of this is the throttle pressure; the 
mnemonic name given it in the computer is TP00X. It is a mathematically 
weighted average of three measured quantities and is a pressure. 
Suffix A indicates direct analog measurement 
X indicates mathematical weighted average of 3 A values 
E indicates mathematical calculation based on X and/or A quantities 
After association of the computer variable name with the plant function, it 
becomes relatively easy to familiarize the readout variables with the associated 
quantity. 
In Table 10.2 is given the lists of variables for the test runs from the CDC 
computer. There were finally three lists used and they are given in the table, 
with the computer variable name only being listed. This list can be c r o s s -
referenced with Table 10.1. 
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TABLE 10 .1 
LIST OF RECORDED PLANT VARIABLES 
Computer 























FLUE GAS 02 
AIR FLOW 
FURN EXIT PRESS 
ATMOSP AIR TEMP 
FURN EXIT TEMP 
AIR*AIR HTR TEMP 
GAS»AIR HTR TEMP 
. GAS<AIR HTR TEMP 
SH TEMP B-SPRAY 
SH TEMP A-SPRAY 
BLR OUT TEMP 
RH OUT TEMP 
COND OUT TEMP 




RH INPUT PRESS 
BFP SUCT PRESS 
HP FWH OUT PRESS 









































1 ST STG PRESS 
RH OUT PRESS 
TB BACK PRESS 
TB VALVE POS 
BFP 3EAST SPEED 
BFP 3WEST SPEED 
THROT STM TEMP 
RH INPUT TEMP 
RH OUT TEMP 
LP TB EXH TEMP 
FEEDWATER FLOW 
SH SPRAY FLOW 














The output from the logging computer was in the form of a strip of paper 
which had a high speed printer printing the points as they were logged and stored 
in the computer. A sample output from the computer is included in Table 10. 3. 
The plant time is given and, after the plant time, the list number and its associ-
ated variable name, quantity and units are given. While in the table, the three 
lists appear side by side as they come out of the computer on a narrow sheet of 
paper in a sequential fashion. In Table 10.4 is a sample output from the flexo-
writer and on it it is seen that the time is given and the headings of the appro-
priate variables followed by their values. No units are given in this printout. 
TABLE 1 0 . 2 
LISTS OF VARIABLES FOR TEST 




























In Figure 10.1 is the sample of the trend recorder strip chart. As mentioned 
earlier, the trend recorders would accomodate up to six of the 500 variables 
available. A list of those variables chosen and their associated properties is 
given in Table 10. 5. 
Because of the importance of associating the variables measured with the 
process, the fluid and gas flow paths figure which was included in an earl ier 
section is repeated here with the additional notes on the figure of the computer 
variables and their relative position in the process. This is Figure 10. 2. 
During the course of the tes ts , sixteen test runs were made of which two 
runs were considered to be tr ial runs to adapt those involved in the tests with 
the procedure and, in particular, to determine the best use of the various 
forms of the output which was available for recording the variables of interest. 
A list of the 14 test runs is given in Table 10. 6. As indicated by inspection of 
Table 10. 6 there were three fundamental variables which were controlled 
TABLE 1 0 . 3 
CDC DIGITAL COMPUTER PRINT OUT 
OF PIANT VARIABLES 
T 1 8 3 1 57 RPEAT R O O U T 8 H£I0A 548 PSIG 
L IST | 
8 TSI7A 92 PRCNT 
• 7 HP70A 8 3 * 2 KLBH 
6 BtOOX 4885 KLBH 
4 F*;05X 4510 MSCFH 
3 HF20X 3457 KLBH 
2 T?OOX 3428 PSIQ 
•t 0E03A 496*4 MW 
4 Tg06A 2041 PSIO 
3 BPIOX 3627 PSIO 
2 P?20A 3784 PSIO 
•I BCIOA 1*7 PRCNT 
5 BT,85X 1025 DEQr «8?A 51 RPEAT ROOUT 
LIST, 1 
8 B,r,04X 83 DEQT 
7 TJ.36A 117 DEQT 
6 T,r,IOA 101 | DEQT 
s TTOOA 1015 oeor 
I83| 54 RPEAT ROOUT 
LIS.T. 2 4 8,T,74A 792 DEQF 
8 P.T.O0A 349 DEQT 3 BT70X 803 DEQf* 
7 PP03A 442 PSIQ 2 B.T.IOX 760 DEQf 
6 TMOA 511 PSIQ M HT20X 476*2 OEQP 
TABLE 10.4 
SAMPLE FLEXOWRITER OUTPUT FROM PLANT COMPUTER 
1 TIME GE03A TPOOX WF20X FF05X BT65X BFOOX WP70A TS17A BCIOA PP20A BPlOX TP06A HPIOA TPIOA PP05A P T : : A V.720V. ="!'", = T " ' 
1 2322 00 249.6 3536. 1665. 2373. 1016. 2367. 0.0 55. 2.0 3543. 3525. 1003. 2S3. 253. 547. 3:6. 414.4 777. " . i . 
1 TIME 
1 2329 05 
1 2331.04 
1 2332 04 
1 2333 05 
1 2334 04 
1 2335 05 
1 2336 04 
1 2337 04 
1 2338 04 






































































































































































P T : : -
305. 
3C5. 




















7 7 5. 
771 . 
















7 7 : . 
765. 
754. 
1 TIME ' 
1 2340 05 
1 2342 04 
.1 2343 04 
I 2344 06 
1 2345 04 
1 2346 05 
1 2347 04 
j 2348 05 
1 2349 05 





















































































































































































0 3 . 1 









7 4 1 . 
741. 

















I TIME GE03A TPOOX UF20X FF05X BT85X BFOOX WP70A TS17A BCIOA PP20A BPlOX TP06A HPIOA TPIOA PP03A PTOOA WT20X 3710X BT7CX 
1 2351 05 245.5 3293. 1690. 2338. 936. 2443. 0.0 55. 3.1 3303. 3299. 994. 285. 261. 549.. 3C5. 412.3 734. 746. 





' Feedwater Flow, 
*'.,... .MAIM ? i* .* . i5 ' ' • *' . VI M|"< 
" " i - " ' 
-600— 
500- ;——800 • 5Q0— 
-750-
7 n n -rAftn- - — inn-—• a<\:ty^—
l-~^-ynn 1—--/(lio-
Changing power from 250 to 500 MW 
400 -. ; -700°P——~4(1)0 
Start up of Unit 
4Q0-—r—; "700 T—r 400 
Fig. 10. J. Sample output from trend recorder 





Fig. 10.2 Fluid and gas flow paths with computer variables for supercritical once-through unit 
TABLE 1 0 . 5 




























SH Steam Temperature 
















independently under open loop testing procedures. Those four variables were 
a firing rate change, a feedwater flow change, a turbine valve position change, 
which corresponds to a load change, and a spray flow change. Each of these 
variables was given a step increase and a step decrease at the approximate full 
capacity of the machine and at approximately one-half capacity of the unit. Iri 
addition to these runs, test run #9 was utilized as a closed loop control system 
run in which the load was changed in an approximate ramp from approximately 
500 megawatts to approximately 250 megawatts. In each of the test runs there 
were many variables for which data was gathered and these variables can be 
seen from the partial list of tabulated data in Table 10. 7. 
In test run #1, the independent controlled variable was the fuel flow. This 
variable label is FF05X and was given a step increase of approximately 4-1/2% 
by increasing the fuel rate from 4,565 to 4,775 thousands of cubic feet per 
hour. The increase was obtained by manually sending signals to the fuel gas 
valve controller from the control room. 
In the operation of the plant there was no way to give an exact step increase 
to a particular variable since there were toggle switches which sent signals to 
TABLE 10. G 
















PROCESS VARIABLE CHANGES 
STEP INCREASE IN FIRING RATE AT « 500MW 
STEP DECREASE IN FIRING RATE AT « 500MW 
STEP DECREASE IN FEEDWATER FLOW a 500MW 
STEP INCREASE IN FEEDWATER FLOW « 500MW 
SPRAY FLOW DECREASE FROM 8 1 . 1 - . 0 KLB/HR AT « 500MW 
SPRAY FLOW INCREASE FROM 0-104.4 KLB/HR AT « 500MW 
STEP DECREASE TB VALVE POSITION AT«500MW 
STEP INCREASE TB VALVE POSITION AT w500MW 
RAMP CHANGE IN LOAD 5 0 0 - 2 5 0 MW 
STEP DECREASE IN FIRING RATE AT « 250MW 
STEP INCREASE IN FIRING RATE AT « 250MW 
STEP DECREASE IN FEEDWATER FLOW AT«250MW 
STEP INCREASE IN FEEDWATER FLOW AT«250MW 
STEP INCREASE IN THROTTLE VALVE POSITION AT« 250MW 
the DC motors which controlled the valves in question and, until the control 
var iable was measured and a read out was available, it was not known how 
large a s tep had been obtained. Throughout the t e s t s , then, there were t imes 
when it was n e c e s s a r y to readjus t a va r i ab le , while a t e s t was in p r o g r e s s , in 
o rde r to keep another dependent va r iab le from reaching a l imit position which 
would cause a t r i p of the unit due to unsafe operat ing prac t ices which could not 
be tolerated by the sys tem to which the unit was connected. In Table 10. 8 the 
l is ts of the var iable plots for each t es t run of the simulated unit was given. In 
this c a se , consider ing t e s t run # 1 , it i s noted that the f i rs t 4 va r iab les l is ted 
under column run # 1 , a r e FF05X, GE03A, WF20X, and PP20A. Now, these 
four var iab les a r e plotted on the f i r s t page of F igure 10. 3. On the second page 
of F igure 10. 3 a r e given the va r i ab les WT20X, BTIOX, BPlOX, TTOOA, and in 
a s imi l a r fashion the subsequent pages of F igure 10. 3 r ep re sen t the r e s t of the 
list under run #1 of Table 10. 8. Hence, the use of Table 10. 8 and the 
TABLE 10.7 
PARTIAL LIST OF TABULATED DATA 
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subsequent figures which give the plots for the various runs make it easy to 
find a particular variable which one would like to investigate for a particular 
test. 
At first, in a preliminary run, the feedwater flow was held on automatic 
control, but since this would not maintain constant feedwater flow it was 
decided to put the feedwater flow on manual control and then to try to hold it 
manually with appropriate pulses to the boiler feed pump at the level of feed-
water flow which it had been operating at the beginning of the test run. This 
was to insure that the effects which would be seen throughout the system would 
be the effects of the fuel flow changes and not due to a change in feedwater flow 
caused by a subsequent pressure change which would have resulted from the 
fuel flow change. This interconnection between the pressure, pump speed and 
feedwater flow was described in an earlier section. 
It is thus noted that the feedwater flow, WF20X, is somewhat erratic 
during the step change, and just following the step change. This was due to the 
manual control which was used to t ry to hold the feedwater flow at a constant 
value. Of particular interest in response to the step increase of fuel flow is 
that the output power increased. The high pressure feedwater heater output 
pressure, as well as the other pressures which were monitored during the test 
run, increased which was caused by the increased steaming conditions which 
were the result of the increase in fuel input. This is also true of the tempera-
tures and, in particular, notice the furnace exit temperature, BTIOX, and the 
throttle steam temperature. The test run was 22 minutes long from the step 
input to the termination of the test, at which time the system was fairly stable 
and then preparations were made for the second test. 
Jji test run #2, there was a step decrease in the firing rate , where the fuel 
flow was changed from approximately 4,708 thousands of cubic feet per hour to 
approximately 4,481 thousands of cubic feet per hour which corresponds to a 
negative step of approximately 4. 8%. The feedwater flow was held fairly con-
stant as is seen from its curve in Figure 10.4. As expected, this case was 
exactly the reverse of the results obtained in test number 1, and in this case 
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the.generated power decreased in response to the negative step change in the 
fuel flow. The various pressures monitored through this system decreased and 
the temperatures decreased. 
In test run #3, there was a step decrease in the feedwater flow following 
the attainment of steady state from the previous tests. The feedwater was 
decreased from approximately 3,580 thousands of pounds per hour to approxi-
mately 3,453 thousands of pounds per hour which corresponds to an 
approximate 3. 5% decrease in the feedwater flow. An approximate step was 
obtained as indicated in Figure 10. 5. The decrease in the water flow was made 
by manually adjusting the control switch which controlled the boiler feed pump 
motor speed controller. The decrease in feedwater flow should cause an 
increase in temperatures throughout the system under open loop control condi-
tions, and this was experienced as seen from Figure 10. 5 . 
The pressures follow, generally, the pressure curve of the high pressure 
feedwater heater output pressure which was expected, but it was fairly erratic 
in its resulting form with a roller coaster effect; that is , a drop down at 6 
minutes, but back up again at 12 minutes of plant time. This must be attributed 
to the change in the output pressure of the boiler feed pump primarily, as the 
controller action on the boiler feed pump to reduce its flow caused a new opera-
ting point on the characteristic curves. (As has been expected throughout the 
simulation, the pressure variation is the part of the plant simulation which 
appears to be the most troublesome to simulate properly and this is indicated 
by the errat ic nature of the pressure in this particular run.) 
In run #4, there was a step increase in the feedwater flow from 
approximately 3,476 to 3,595 thousands of pounds per hour which was handled 
in the same way as the previous run. This corresponds to an increase of 
approximately 3. 3% in the feedwater flow. The approximate step change is 
shown in Figure 10. 6 for this run. It is noted that the furnace exit temperature 
and other temperatures in the system generally decrease as expected due to 
the increased feedwater flow and, hence, with the same amount of firing rate 
there is more water to heat and it does not get as hot as it would have if there 
had not been as much water. 
Again, the pressures generally follow the curve of the high pressure 
feedwater heater output pressure which is representative of the output pressure 
of the boiler feed pump itself. It, again, is rather erratic. It is noted in this 
run that the reheat input pressure which corresponds to the output pressure of 
the high pressure turbine has a steady exponential increase as does the 
reheater output pressure. 
Test run #5 used a step decrease in the superheater spray flow from 81.1 
to 0 thousands of pounds per hour at a load corresponding to about 500 mega-
watts. The curves obtained from the plant data are shown in Figure 10. 7. The 
spray flow was changed by simply turning off the spray valve by remote control 
from the control panel. The valve position corresponding to the 81.1 thousands 
of pounds per hour was approximately 50% open, and the spray flow step is 
indicated in the first figure of Figure 10. 7. The firing rate was held constant 
as well as the turbine valve position. The feedwater flow was adjusted to keep 
it at a constant value. It will be noted that the feedwater flow and gas flow did 
vary slightly during these runs. The expected change would be in comparison 
with the superheater temperature before and after the spray valve which are 
indicated in the second and third graphs of Figure 10. 7 and the difference is 
noted, as expected after the spray was shut off, that the temperature after the 
spray increased relatively to the superheater temperature before the spray. 
However, the change was not very large in this case. 
It should be noted that the steam temperature portion of the integrated 
boiler turbine master of the control system was on manual and, hence, there 
was not correcting action of the firing rate for a change in the temperature. 
Test run #6 is a step increase in the spray flow from the previously 
obtained zero spray flow to full spray flow on which corresponded in this case 
to 104.4 thousands of pounds per hour. This approximate step increase is 
indicated in Figure 10. 8 and again the temperatures before and after the spray 
valve between the primary and finishing superheaters changed, but only a slight 
deviation was detected. The general trend, as indicated in graph 3, was for 
the immediate response of the spray to decrease the temperature after the 
spray and this was obtained. As was mentioned in the earlier discussions, 
there would not be a permanent change and this was substantiated with this test 
run. The important variable, the throttle steam temperature, gave the devia-
tion as expected. When the spray was added, the temperature went down. 
Test run #7 corresponds to a step decrease in the turbine valve position 
at 500 megawatts. In this test, the turbine valve setting, whose variable is 
TS17A, was decreased approximately 1%. This decrease of turbine valve 
setting is comparable to decreasing the load on the unit. However, even a 1% 
decrease in a turbine valve setting gave rise in this test to an approximate 23 
megawatt drop in power which was too large to be tolerated for the unit due to 
excessive pressure and temperature deviations. Hence, the throttle valve had 
to be readjusted which is indicated by the generated output power curve given 
in Figure 10. 9. Upon investigation of the equation which relates the quantity 
PO(l, 16), which is the output pressure of the throttle valve and its relationship 
with the throttle valve position, it is seen that the simulated value and the 
actual plant value is correct. As it turns out, there was not a measurement of 
throttle valve output pressure during the test but the first stage throttle pres-
sure is indicated on graph 4 of Figure 10. 9. For a corresponding decrease in 
the throttle valve position, which was the case in this run, there would be a 
decrease in the output pressure of the throttle valve which is indicated in this 
run #7 as a decrease in the first stage pressure. This is then as would be 
expected. The increase in the throttle pressure, as shown in the test, which is 
the pressure at the input to the valve as is shown in the placement of the vari-
ables on Figure 10. 2. This input to the throttle valve pressure increased and 
this is reflected by the feedwater flow decrease as seen in Figure 10. 9. There 
was an increase in the throttle pressure because there was less feedwater flow, 
hence, there was a smaller resistance drop due to the flow through the rest of 
the system. 
Test run #8 corresponds to a step increase in the turbine valve position. 
The turbine valve was increased from an opening corresponding to approxi-
mately 90% to 92% opening with a step shown in Figure 10.10. This step 
change in turbine valve position corresponds to a load change from 493. 2 
megawatts to 508. 5 megawatts or a +15. 3 megawatt change. This corresponds 
to approximately 3.1% change in power output of the unit. The results of this 
test are just the opposite of the previous test; specifically, the output to the 
throttle valve pressure increased rather than decreased as it did earlier in 
test run #7, and the throttle valve pressure, that is the pressure at the input 
to the throttle valve, decreased in this run. 
Test run #9 was a run, as mentioned earlier, which was carried out under 
closed control loop operation and was done under the close guidance of the 
central dispatcher at Pine Bluff, Arkansas. This test run was a ramp change 
in load from approximately 500 megawatts to 250 megawatts. The results of 
the run are given in Figure 10.11. Several of these graphs of Figure 10.11 
have already been discussed in the previous sections where they were used to 
determine specific relationships between the variables. 
Test run #10 was a step decrease in firing rate at a load of approximately 
250 megawatts. The firing rate was decreased from approximately 2,370 to 
2.205 thousands of cubic feet per hour of natural gas flow which corresponded to 
an approximate 7% decrease in the firing rate. The results of this run are 
comparable to that of run #2. Figure 10.12 shows the results. 
Test run #11 was a step increase in firing rate from approximately 
2.206 to 2,370 thousands of cubic feet per hour of natural gas flow which 
corresponded to approximately a 7. 3% increase in the firing rate. 
Figure 10.13 shows the results of that test run and they are comparable to test 
run #1. 
Test run #12 corresponds to a step decrease in the feedwater flow at a 
generator rating of approximately 250 megawatts. The results of this test are 
given in Figure 10.14. There was a decrease from 1,670 to 1,569 thousands 
of pounds per hour in the feedwater flow which corresponds to approximately 
a 6% decrease. The results are comparable to those in test run #3, which were 
run at approximately 500 megawatts. 
Test run #13 corresponds to a step increase in the feedwater flow from 
approximately 1,580 to 1,647 thousands of pounds per hour or an approximate 
4.2% increase in the feedwater flow. The results of this test are given in 
Figure 10.15 and the results there are comparable to those obtained in test 
run #4. 
Test run #14 was a step increase in the throttle valve position of 
approximately 1% and the results of this test are shown in Figure 10.16 which 
are comparable to the results of a similar step increase in turbine valve posi-
tion as indicated for run #8. 
The changes in the spray flow were not made formally into test runs for 
the reduced load conditions due to the fact that very little spray water entered 
the superheater with the spray valve full on. 
In addition to this series of formal tests which were made at the plant 
under study, there were several other sessions with operating personnel and 
management in which various plant constants and gains of the control system, 
repeat rates , and various readouts were obtained from the CDC computer in 
order to determine such items as tube metal temperatures and steam chest 
pressures as were needed throughout the simulation. 
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CHAPTER 11 
CONCLUSION 
The research that has been done in the development of the digital 
simulator for a once-through supercritical steam generator has satisfied its 
purpose. The goal of the study was to investigate thoroughly the operational 
aspects of the steam-electric generating unit and to develop a simulator that 
could be used to study the operation of the unit. 
The various aspects of the simulated plant were described in detail and 
mathematical equations were developed that could be used in the digital simula-
tor computer program. 
The unit that was simulated was tested under actual operating conditions as 
was described in detail in Chapter 10. Many additional variables were included 
and plotted in relation to the 14 actual test runs performed so that the reader 
would have an opportunity to compare these tests with similar tests of other 
units. 
In Chapter 9 the results of the 17 simulated test runs that were performed 
using the digital simulator were recorded. The simulator tests were described 
there and it is noted that simulated tests comparable to actual tests were per-
formed (see Table 9. 2). By comparison of the results of the actual and simula-
ted series of tests, a general agreement is found. 
The discrepancies in the actual and simulated tests may be attributed to 
the following facts. In the actual tes ts , a step change could not be made but 
instead, a manual adjustment was made that approximated a step change. Also, 
after an adjustment was made, the operation dictated a change in the controlled 
parameters which then caused a secondary effect that caused the output results 
to be difficult to interpret. In the simulated tests , the time constants of the 
process under open loop conditions were relative long compared to the 
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10 minute run times and some of the variables that were recorded were still 
under the influence of the previous test conditions when the step change was 
initiated. As mentioned in Chapter 7, the feedwater flow control was simulated 
under the assumption that the throttle pressure was constant in order to main-
tain solution stability when the process and control system were interconnected. 
In addition, the recorded simulated test runs were made with the assumption 
that the density of the working fluid was constant. 
The computer program for the entire digital simulator is given in 
Appendix B and as has been described in Chapter 8, provision for the density 
change has been included. If the density change was included in the simulated 
test runs where the throttle valve position was changed, the computed power 
would have been comparable to the actual runs. In the simulated and actual 
test runs, it is noted that feedwater flow is held constant for this run. The 
computed power is a function of the enthalpy and flow and with the flow held 
constant the power follows the trend of the enthalpy. 
The operation of the digital simulator is described in Chapter 8. 
Modifications could be made to it to suit the particular application desired. If 
other units were to be simulated, the same procedures could be followed that 
have been described in detail in this thesis, with the proper values substituted 
for the simulated plant constants. 
Some sophistication of the alarm system could be included in the digital 
simulator in order to warn the operator that an undesired operating condition 
had developed. This could be included in the computer program with the addi-
tion of logic statements. 
If it would be desired to actually train or re- train power plant operators to 
operate units, such as the simulated unit, under abnormal as well as normal 
conditions, an analog-digital interface could be created that would link the 
digital computer simulator with an operator 's control panel. 
The digital simulation of the once-through supercritical steam generator 
can be used in its present form to study the operation of the unit with, or with-
out, the associated control system included. 
An engineer or operator could study the operation of the unit with one or 
more of the control subsystems included in the system. Modifications of the 
control system could be made on the basis of the results of studies made using 
the simulator. Also, alternative unit operation modes could be developed by 
investigating the behavior of the unit under simulated conditions. 
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APPENDIX A 
LAGRANGE INTERPOLATION 
A method for the determinat ion of the feedwater flow as a function 
of boi ler feed pump speed and output p r e s s u r e above throt t le p r e s s u r e 
by the Lagrangian mult iple in terpola t ion technique is he re in descr ibed . 
In this d i scuss ion equally spaced in t e rva l s between the independent 
va r i ab les is a s sumed . The bas ic idea of the interpolat ion technique is 
to r ep lace the functional re la t ionship between the feedwater flow and 
the boi ler feed pump speed and p r e s s u r e by a polynomial . In this case 
a t h ree point interpolat ion is used which gives r i s e to a polynomial of 
2nd deg ree . 
Consider f i r s t interpolat ion only with r e s p e c t to pump speed. Let 
X r e p r e s e n t the speed. The computer var iab le that co r re sponds to 
this speed is RPML. 
Let WL r e p r e s e n t the feedwater flow. This co r re sponds in the 
computer p r o g r a m var iable FWREL. Fo r the th ree points , consider 
WL., WL , WL , cor responding to the th ree va lues of speed, X , X , 
X . A polynomial of the nth degree ( there a r e n + 1 points chosen such 
that for 3 points n = 2) that p a s s e s through the points is given by the 
equation below. 
(X-X 2 ) (X-X 3 ) WLX (X-X1)(X-X3) WL 2 ( X - X ^ X - X ^ WL 3 
F ( x ) = (xrx2)(xrx3)
 + (x2-x1)(x2-x3T
 + (x3-x1)(x3-x2T 
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( A . l ) 
For n = 2, let 
.n+1 
p(x) = (x-x.)(x-x K X - X J = n (x-x.) (A.2) 
1 I 3 j = 1 J 
n+1 
P.(X) = (X-X.)" P(X) = ( x - x . ) " 1 n (X-X.) (A. 3} 
1 1 x j=l J 
Equation (A. 1) becomes 
P(X) P (X) P (X) 
F ( X > = P 7 X 7 W L 1 + P 7 X ^ W L 2 + P 7 X 7 W L 3 <A-4' 
Now if the point desired is on one of the cardinal data points the 
other two terms in equation (A. 4) vanish, that is P (X ) = 0 if m ^n 
^ m n 
so that 
F<Xm> = P I T ) W L m = W L m ( » = ̂  2. 3,) 
m m 
and thus the polynomial of degree n (2 in this case) passes through the 
three given points. 
Since there are three (odd number) points and they are arranged 
in an order X , . . . , X , X , X , . . . , X where 
- r - 1 0 1 r 
n + 1 = number of points 
2r + 1 = number of points 
n + l = 2r + l = 3 
. ' . r =1 
For interpolation using three points the following equation (see 
p. 147, ref. 71) represents the Lagrange interpolation coefficients for 
the case of r = 1. 
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1 • 1 l 
A.(PX) =(- l ) i " 1 ( ( l+ i ) l ( l - i ) ! )" n (PX-j) (A. 5) 
fli1 
Where PX = difference t e r m 
For i = -1 ,0 ,1 
Consider the equally spaced in te rva l such that the coordinate 
X. = X„ + iAX 
l 0 
X_x = XQ + (-l)AX 
XQ = XQ + (0)AX 
Xx = XQ + (1)AX 
Since 0 subscr ip t s a r e not allowed in the computer let K = I - 2 , 
so when K = - 1 , I = 1; K = 0, I = 2; K = 1, 1 = 3 . 
Now equation (A. 4) is invar ian t under a l inear t ransformat ion . 
That i s , X may be rep laced by 
X = (PX)-(AX) + XQ 
andX. = PX.-AK + X„ 
1 1 0 
where X and AX a r e constant . 
F r o m equation (A. 3) 
P.(X) = P.(PX--AX+X0) = (PX.AX+X0-(PX.AX+X()))"
1(PXAX+X0-
(PXX £X+X0)). . . (PXAX+X0-(PX3AX+X0)) 
P.(X) = AX_1(PX-PX.)" l(AX(PX-PX ))(AX(PX-PX ))(AX(PX-PX )) 
1 \ L Ct D 
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P.(X) = AX" lAX3(PX-PX.)_ 1(PX-PX ) (PX-PX ) (PX-PX ) 
1 J. J. C* -J 
P.(X) = AX2P.(PX) (A. 6) 
(X.-X 1)(X.-X 2)(X.-X 3) (i = 1,2,3) 
Also from equation (A. 3) P.(X.) = ——r—r 
1 1 ( X . — X. ) 
That i s P.(X.) = (X.-X 1 ) (X.-X 2 ) . . . ( X . - X . ^ K X . - X . ^ ) . . . (X. -X a + 1 ) 
(A. 7) 
so Pj(X ) = (PX AX+X0-(PX AX+X0J\X
PX.AX+X0-(PX2AX+X0)) . . . 
. . . (PX.AX+X -(PX. AX+X ))(PX.AX+Xn-(PX. AX+X )). . 1 U l - l U l U l + l u 
. . (PX.AX+X0-(PXn+1AX+X0)) 
P.(X.) = AX(PX.-PXJAX(PX.-PXJ . . .AX(PX.-PX. .)AX(PX.-PX ). 
1 1 l 1 l 2 l l - l l l + l 
A X ( P X i - P X n + l ^ 
F r o m equation (A. 7) then 
P.(X.) = (AX)nP.(PX.) (A. 8) 
Now, s ince n = 2, equation (A. 8) becomes 
P.(X.) = (AX)2 P.(PX.) (A. 9) 
and equation (A. 4) becomes 
• Q • "V" * "D / "V"\ "p / "V" * 
F(X) = F(PX.AX+X0) = -J~;- W L l + ^ - W V p - ^ W L 3 
Using equations (A. 6) ar.d (A. 9) 
.2 
F(X) = F(PX-AX+X ) = - ^ ~ -
(AX> 
P ' P X ) P J P X ) . P , (PX) 1 _ ™ + 2 _ WL2+ 3 W L 






Hence, since the r ight hand side of equation {A. 10) is F(PX), 
F(X) = F(PX), 




For our case , since a mul t ip le in terpola t ion is involved let 
RPML-XI 
P X = AX 
Where XI = center in terpola t ion point 
AX = spacing in t e rva l 
RPML = des i red speed 
and a lso let the difference t e r m for the p r e s s u r e be 
„ „ P B F P L - R J 
PR = -
AR 
where P B F P L - d e s i r e d p r e s s u r e 
RJ = cen te r in terpola t ion point 
AR = p r e s s u r e in te rva l between card ina l points 
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A / P X ) ^ ; ! , , i%, n (PX-j) (A. 11) 
Rewriting equation (A. 5) the following equation is obtained 
1-i 1 
n i i — n (px-i) 
(L+i)!(l-i)i j = _ 1
l J ' 
tfi 
For i = - 1 , 0 , 1 , the equation above becomes , 
(-1)2 A_1(PX) = .LH_P(FX-1) 
(-1)1 
AQ(PX) = j r i | _ ( P X + l ) ( P X - l ) 
(-D° 
A 1 ( P X ) = Z^\v ( P X + 1 > P X 
, A-i , , v l - i+2 . , . i+l Now note that (-1) = (-1) = (-1) 
and PX(PX 2 - l ) = PX(PX+1)(PX-1) 
so that when K = -1 
PX(PX 2 -D _ PX(PX+I)(PX-I) = p x ( p x 1} 
PX-K ' (PX+1) 
when K = 0 
PX(PX2-1) _ PX(PX+1)(PX-1) _ / T 3 V . 1 W 1 3 V n 
PX-K PX (PX+l)(PX-l) 
and when K = +1 
PX(PX2-1) _ PX(PX+1)(PX-1) _ , 
— P X T K - (PXTlj PX(PX+1) 




PX> = T T + W l j ^ W (K=0'±1} (A-12) 
Then using the in terpola t ion coefficients the flow equation 
becomes 
WL(X) = A (PX)WL, 1+AQ(PX)WL0+A+ 1(PX)WL1 
When using K as the subsc r ip t va r iab le or in t e r m s of the subsc r ip t 
I the equation would become 
WL(X) = A1(PX)WL1+A2(X)WL2+A3(PX)WL3 (A. 13) 
Now when the p r e s s u r e interpolat ion is a l so considered, i t be -
comes n e c e s s a r y to add another subscr ip t on the flow va r i ab le , that 
i s , consider WL . As will be seen in the computer p r o g r a m the 
m , n r r o 
interpolat ion with r e s p e c t to speed (RPML) is done for th ree different 
values of p r e s s u r e ( P B F P L ) , specif ical ly, two card ina l points below 
the des i red point and one ca rd ina l point above the des i r ed point. 
Let the interpolat ion coefficients be labeled AX(I) and AR(I), 
I = 1, 2, 3, for the speed and p r e s s u r e respec t ive ly and for a pa r t i cu l a r 
value of PX and PR. 
Table A- l below i l l u s t r a t e s the p a r a m e t e r s used for in terpolat ion. 
Feedwate r flow = f(speed, p r e s s u r e ) 
WL = f(X,R) 
Consider an example point where the des i red point i s R P M L = 4400 
rpm, P B F P L = 450 ps ia above the throt t le p r e s s u r e bias of 3500 ps ia . 
F r o m F igure A- l and Table A- l i t is seen that the des i r ed point is j u s t 
above the ca rd ina l coordinate point WL(3, 4). The computer p r o g r a m 
TABLE A-l 
PARAMETER TABLE FOR INTERPOLATION 
SfMMfd 
X RPML 
























































































9 1 0 
1 170 
11940 
2 6 1 0 





























- 1 1 8 0 






Fig. ;.' A-l Data for boiler feed pump Lagrangian interpolation 
computes the coordinates of the ca rd ina l point, XII = 3 and RJJ = 4. 
This cor responds to a speed of 4300 r p m and a p r e s s u r e of 430 psia 
above the thrott le p r e s s u r e which is verif ied on the computer output, 
F igure A-2 . This output shows XI = 4300 and RJ = 430 where XI and 
RJ have been defined e a r l i e r . In this example the values of PX and PR 
a r e computed as follows, 
_ RPML-XI _ 4400-4300 _ 100 
AX " 200 200 ' 
P B F P L - R J 450-430 20 , , , „ 
P R = £ = - T 2 ¥ - = i 20 - = ' 1 6 6 7 
Next compute the fac to r ia l s needed for the determinat ion of the 
Lagrangian interpolat ion coefficients. 
Note K = 0 ,±1 
In the computer p r o g r a m K = 1-2 such that 1 = 1 cor responds to 
K = - I , 1 = 2 co r r e sponds to K = 0, and 1 = 3 cor responds to K = +1. 
Check to see if the PX or the PR a r e ze ro which is the case if 
the des i red value of speed and p r e s s u r e respec t ive ly minus the 
"base point" values a r e on the de s i r ed point. If i t is on the base 
point then set the value of the interpolat ion coefficients equal to the 
following,AX(1) = 0, AX(2) = 1, AX(3) = 0. 
For example if the point de s i r ed is on the X coordinate given as 
a base point, say X = 3, and between R = 4 and R = 5. (See F igure 
A-2 for this example . ) 
WL(X, 2) = AX(1) WL(2, 3) + AX(2) WL(3, 3) + AX(3) WL(4, 3) (A. 14) 
WL(X, 3) = AX(1.) WL(2, 4) + AX(2) WL(3, 4) + AX(3) WL(4, 4) (A. 15) 
WL(X, 4) = AX(1) WL(2,5) + AX(2) WL(3,5) + AX(3) WL(4, 5) (A. 16) 
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LAGRANGIAN INTERPOLATION 
BOILER FEED PUMP 
PRINT THE NEW VALUES OF SPEED + PRESSURE 
? 4 4 0 0 . » 4 5 0 . 
X I I 
3 .0 
RJJ 










- . 1 2 5 0 0 
A X ( 2 ) 
7 5 0 0 0 
AXC3) 
3 7 5 0 0 
ARC 1) 
- . 0 6 9 4 4 
AR<2> 
• 9 7 2 2 2 
ARC 3) 
09722 
SPEED 4 4 0 0 . 0 0 PRESSURE = 
BOILER FEED PUMP FLOW= 
4 5 0 . 0 0 
1 6 0 9 . 7 9 1 7 
PRINT THE NEW VALUES OF SPEED + PRESSURE 
? 4 3 0 0 . * 5 0 0 . 
X I I 
3 . 0 
AXC 1) 




4 . 0 
AXC2) 
1 . 0 0 0 0 0 
X I 
4 3 0 0 . 0 
AXC 3) 
. 0 0 0 0 0 
4 3 0 0 . 0 0 PRESSURE = 
PUMP FLOW= 1 0 6 9 . 
RJ 
4 3 0 . 0 
ARC 1) 
- . 1 2 1 5 3 





. 6 5 9 7 2 
PR 
. 5 8 3 3 
ARC3) 
. 4 6 1 8 1 
PRINT THE NEW VALUES OF SPEED •<• PRESSURE 
? 5 3 0 0 . > 7 9 0 . 
X I I 
8 . 0 
AXC 1) 




7 . 0 
AXC2) 
0 0 0 0 0 
X I 
5 3 0 0 - 0 
AXC 3) 
. 0 0 0 0 0 
5 3 0 0 . 0 0 PRESSURE = 
RJ 
7 9 0 . 0 
ARC 1) 
• 0 0 0 0 0 








. 0 0 0 0 0 
PRINT THE NEW VALUES OF SPEED + PRESSURE 
? 5 3 0 0 . » 9 5 0 . 
PRESSURE I S ABOVE MAX. ACCEPTABLE VALUE 
TRIP U N I T . . . TRIP U N I T . . . 
Fig. A-2 Computer output of Lagrangian interpolation 
where AX(1) = 0 
AX(2) = 1 
AX(3) = 0 
If the point were not on a step point with r e s p e c t to speed ( ie . , 
R P M L ^ 4300) then the Lagrangian coefficients would be calculated 
in the usua l manne r as seen by equation (A. 12). (See F igure A-2 for 
the r e su l t s of this case a l so . ) 
Again, if the des i r ed point is on the X card ina l point, 
WL(X, 2) = WL(3,3) 
WL(X, 3) = WL(3,4) 
WL(X, 4) = WL(3,5) 
Then interpolat ing with r e s p e c t to the R va r iab le , P B F P L , use the 
three quanti t ies jus t computed in equations (A. 14), (A. 15), and (A. 16). 
Compute the interpolat ion coefficients, AR(I), I = 1,2,3 using the 
following equations. 
F r o m equation (A. 12), and since K = 1-2 and K+l = 1-1, then 
PX-K = PX-(I-2) = PX-I+2. Now let PROD = (1+K)I (l-K)i 
Then 
_ (-D^VxtPX2-!) 
A X ( I ) " (PRODMPX-I+2) ( A ' 1 7 ) 
Then next, in terpola te with r e s pec t to R, (ie. , p r e s s u r e ) 
AR(I) - ( - ^ ^ ^ ( P R 2 - ! ) ( A 1 8 ) 
A R ( I ) (PROD)(PR-I+2) ( A ' 1 8 ) 
Thus the interpolated feedwater flow becomes , 
WL(X, R) = AR(1)WL(X, 2)+AR(2)WL(X, 3)+AR(3)WL(X, 4) (A. 19) 
In the computer p r o g r a m since an X is not a suitable subscr ip t 
for one quantity of s to rage , the location WL(10, L) is used for the X 
interpolated values . In this case WL(10,2), WL(10, 3) and WL(10, 4) 
a r e used. Then WL(10, 10) is used for the final interpolated v a l u e . 
Now re fe r r ing to the computer p r o g r a m NO, NOO, and NPP a r e 
the subscr ip ts to find the c o r r e c t values of flow by which to multiply 
the interpolat ion cons tan t s . 
RJJ is the subsc r ip t of the p r e s s u r e point below the des i red 
point, in the example it is 4. 
R J J - 1 is des i red as the f i r s t subsc r ip t and then R J J , and RJJ+1, 
the two points below the des i r ed point and one point above the des i red 
point a r e needed next. 
NO = R J J - 1 is the lowest subsc r ip t needed for interpolat ion to get 
the des i red point for p r e s s u r e . 
NOO = NO+2 is the h ighest subsc r ip t needed for interpolat ion to 
get the des i red point for p r e s s u r e . 
NP = XII-1 is the lowest subsc r ip t needed for interpolat ion to get 
the des i red point for speed. 
In this example NO = 4 - 1 = 3 
NOO = 5 
XII = 3 
NP = 2 
Hence the r ight 9 points a r e used a s seen in equations (A. 14), 
(A. 15), and (A. 16) and Table A- l . 
The interpolated va lues with r e s pec t to speed of flow a r e 
WL(10,RJJ- l ) , WL(IO.RJJ) and WL(10, RJJ+1). The 10 is a dummy 
subscr ip t as mentioned e a r l i e r . 
Then the in terpola t ion with r e s p e c t to p r e s s u r e (R) gives the 
344 
des i red point p r o p e r l y in terpola ted . It is 
WL(10,10) = A R { J D L * W L ( 1 0 , N O ) + A R ( 2 ) * W L ( 1 0 , N O + 1 ) + A R ( 3 ) * W L ( 1 0 , N O + 2 ) 
By setting FWREL = WL(10,10), the boi ler feedpump discharge 
flow in units of thousands of pounds per hour , is obtained and could 
then be used in the p r o c e s s equations as was mentioned in the section 
where the boi ler feedpump was d i scussed . 
A sample output of the p r o g r a m is given previously , corresponding 
to the example ment ioned e a r l i e r . It is shown in F igu re A-2 . The 
flow char t and p r o g r a m a r e given in F igure A-3 and Table A-2 , r e -
spectively. 
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Find XII, RJJ, 






1 , 2 , 3 , 4 
-s»(Stop) 
I = 1, 3 
Prod =1.0 
NN = I - l 
© 
Yes 
NN = 1 —I 





- 3 * NFAC=1 > IN = 1 -KD 
Fig. A-3 Flow chart for Lagrangian interpolation 
@H NFAC-NFAC*IN |MFAC = lf h-*" IJ = 1 — * © 
t[N=IN+l 
No 
0- MFAC = MFAC*U 








NO = RJJ 
NOO = NO+2 
NPP=XH 
L = NO 
L^e. 
Find I >fT )̂ 
WL(10,L) I ^ - ^ 
FWREL= 
WL(10,10) •^(14 
Fig. A-3 Continued 
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TABLE A-2 
COMPUTER PROGRAM FOR LAGRANGIAN INTERPOLATION 
100C LAGRANGIAN INTERPOLATION 
105 P R I N T . t 11 t t t T t t 
110 PRINT*" LAGRANGIAN INTERPOLATION" 
180 PRINT." BOILER FEED HUMP" 
130 DIMENSION AXC10)»AR"*RPM"*PBFP". WLC\0*10) 
140 READ»CRPMCK)*K=1»9) 
150 READ»CPBFPCK)*K-1»9) 
160 READ*<CWLCJ»K>*J=1 * 9 > * K = 1 *9> 
170 READ.DRPML*DPBFPL 
180 P R I N T * " " 
190 1 PRJ.NT* " P R I N T THE NEW VALUES OF SPEED + PRESSURE" 
195 I t fPUT .RPML*PBFPL 
210 PRINT* 
2 2 0 I F C R P M L - 4 1 0 0 . ) 1 2 * 1 1 * 1 1 
230 12 CONTINUE 
2 4 0 PRINT* 'SPEED I S BELOW MIiM. ACCEPTABLE VALUE" 
250 PRINT* " T R I P U N I T . . . T R I P U N I T . . . " 
260 STOP 
270 11 CONTINUE 
280 I F C P B F P L - 1 9 0 . ) 1 4 * 13* 13 
2 9 0 14 CONTINUE 
300 PRINT*"PRESSURE I S BELOW M I N . ACCEPTABLE VALUE" 
310 P R I N T * " T R I P U N I T . • • T R I P U N I T . . . " 
3 2 0 STOP 
330 13 CONTINUE 
3 4 0 I F C R P M L - 5 3 0 0 . > 15* 1 5* 16 
3 5 0 16 CONTINUE 
360 P R I N T * " S P E E D I S ABOVE MAX. ACCEPTABLE VALUE" 
370 P R l N T » " T F U P U N I T . . . T R I P U N I T . . . " 
330 STOP 
390 15 CONTINUE 
4 0 0 l F C P B F P L - y \ l W . ) 17 * 17* 18 
410 18 CONTINUE 
420 PRINT* "PRH.SSURE I S ABOVE MAX. ACCEPTABLE VALUE" 
430 P R I N T . "TRJiH UN 1 T . . . T R I P U N I T . . . " 
440 STOP 
4 5 0 17 COMTINllE 
460 X I I = A I N T C C R P M L - 3 7 0 0 . ) / D R P M D 
470 R J J = A I N T C ( P B F P L + 5 0 . ) / D P B F P L ) 
430 X I=CAINTC C iRPML-3900 . )/DRPML.) H 2 0 0 . + 3 9 0 0 . > 
490 ' RJ=CAI.MTC C iPBFPL-70 . ) / D P B F P L ) * 1 2 0 . + 7 0 . > 
500 PX=CRPML-XH)/DRPML 
510 ' PR=CPBFPL- IRJ) /UPBKPL 
520 P R I N T , " X I I K J J X I RJ 
530 + PX PR1' 
5 4 0 PRINT 9 5 * X I l » R J J * X I » RJ* PX* PR 
550 9 5 FORMATC I K * 4 F 1 0 . 1 * 2 F 1 0 . 4 > 
560 DO 50 1 = 1*3 
570 PROD=1.0 
580 N N = I - 1 
TABLE A-2 CONTINUED 
590 I F C N N M 1 * 41 . 40 
600 41 NN=1 
610 40. MM = 3 - I 
620 IFCMM)31*31*30 
630 31 MM=1 
640 30 NFAC= 1 
650 DO 51 IN=1»NN 
660 NFAC=NFAC*IN 
670 51 CONTINUE 
680 MFAC=1 
690 DO 52 I J = 1 * M M 
700 MFAC=MFAC*IJ 
710 52 CONTINUE 
720 PROD=NFAC*MFAC 
730 I F C P J 0 1 1 2 * l 12* 111 
740 112 A X C 1 ) = 0 . 0 I A X C 2 ) = 1 . 0 | A X C 3 > = 0 . 0 
750 GO TG 4 5 0 
760 U l CONTINUE 
770 A X C I ) = C C - 1 ) * *C I - l ) * P X * ( P X * P X - 1 ) / C P R O D * C P X - 1 + 2 ) ) ) 
780 450 CONTINUE 
790 I F C P R ) 2 1 2 * 2 1 2 * 2 1 1 
800 212 A R U ) = 0 . 0 i A R C 2 ) = 1 . 0 I A R C 3 ) = 0 . 0 
8 1 0 GO TO 50 
3 2 0 211 CONTINUE 
830 A R C I ) = C C - 1 ) * * C I - l ) * P R * C P R * P R - t ) / C P R O D * C P R - I + 2 ) ) ) 
840 50 CONTINUE 
850 PRINT* 
8 6 0 P R I N T * " AXC 10 AXC2) AXC3) ARC 1) ARC2) 
861 + A R C 3 ) " 
862+5X* 5HARC2)* 5X» 5HARC 3 ) ) 
880 PRINT 9 6 * CAXC I ) * I » 1 * 3>* C ARC" I ) * 1= 1* 3 ) 
890 96 FORMATC6F10 .5 ) f 
900 N 0 = R J J - 1 
910 N00=N0+2 
920 N P = X I I - 1 
930 DO 70 L=NO*NOO 
940 WLC10*L)=AXC 1 ) *WLCNP* L )+AXC 2 ) * WLCNP+1 * L)+AXC 3) *WLCNP+2»L ) 
950 70 CONTINUE 




1000 PRINT* "SPEED ="*RPML*"PRESSURE ="»PBFPL 
1010' PRINT* "BO I HER FEED PUMP FLOW*"»FWREL 
1020 PRINT* 
1030 GO TO 1 
1040 END 
1050 T.DATA 
1060 3 9 0 0 . * 4 1 0 0 , * 4 3 0 0 . * 4 5 0 0 . . 4 7 0 0 . * 4900» * 5 1 0 0 . * 5 3 0 0 . * 5 5 0 0 . 
1070 7 0 . * 1 9 0 . * 3 1 0 . * 4 3 0 . * 5 5 0 . * 6 7 0 . * 7 9 0 . * 9 1 0 . * 1 0 3 0 . 
TABLE A-2 CONTINUED 
1080 1450.* 2270.* 2890..3510.» 4200.* 4700*» 5030.» 5360. * 6090. 
1090 400.* 1170. »1940..2610.*3280..3990.* 4490.* 4850.* 5210. 
1100 1-70.* 8 90.* I 610., 2330.* 3050.* 3780. * 428 0. * 4670. * 5060. 
1110 -260.*510.* 1280.* 2050..2820.,3570.*4080.* 4490.,4900. 
1120 -710.*100.*910.*1720.*2530.*3350.,388 0.* 4330.*4780. 
1130 -1 I 40.*-300.*540.* 138 0..2220.*3130.*3670.* 4150. »4630. 
1140 -1620.*-740.*140.*1020.*1900.»2890.* 3450.»3980.* 4490. 
1150 -24B0.*-1380.*-360** 660**168 0.»2650.* 3230.* 3790. * 4350. 




COMPUTER PROGRAM FOR DIGITAL SIMULATOR 
c : ' 
c 
C BLOC" 1 
C SIMULATION OF A SUPERCRITICAL STFAM GENERATOR 
C WITH THE CONTROL SYSTEM 
C 23 LUMPS, RUNGE-KUTTA INTEGRATION 
C 
WP I T E ( 6 , 9 0 0 ) 
900 Pf)RMAT( 3 2 X , 35HSIMULATION OF A SUPFRCRITICAL STEAM) 
W P I T F ( A , 9 0 1 ) 
9 0 1 FORMATf33X,33HGFNERAT0R WITH THE CONTROL SYSTEM) 
W R I T F ( 6 , 9 0 2 ) 
9C2 F 0 R M A T ( 3 ? X , 3 3 H ? 3 LUMPS, RUNGE-KUTTA I N T E G R A T I O N / ) 
c _ 
C BLOCK 2 
C 
COMMON H , P , T , R H O S V 
DIMENSION W G ( 3 ) , W ( 2 C ) , P 0 A ( 1 5 ) , T O A ( 1 5 ) 
DI.MENS ION V( 15) ,P.HON( 1 5 ) ,PHO( 15) ,DRHO( 15) 
01 MENS ION P I ( 1 , 2 1 ) , P 0 ( 1 ,2 1 ) , 0 W ( 1 , 2 1 ) , H I ( 3 , 2 1 ) , H O ( 3 , 2 1 ) 
1 , T 0 ( 3 , 2 1 ) , T W ( 3 , 2 1 ) , Q ( 3 , 2 1 ) ,DHOR(3) ,OTWR(3) , X P ( 1 4 ) , X 0 ( 1 
14 ) ,CPW( 14) , T T ( 1 , 2 1 ) 
PEAL KP( 14 ) , K 0 ( 14 ) ,M( 14) , MWCPWf 14) ,MW(14) , I RTM , I N C H D 
c 
C BLOCK 3 





O L T = 0 . 0 
P O ( 1 , 1 6 ) = 3 5 0 0 . 
C^G=.3 4 
T G = ? 1 9 0 . 
H C = 1 0 7 1 . 
WMG=5.Eft 
00 31 1 = 1 , J 
MWCPW( I )=MW( I )*CPW( I ) 
«P( I ) = X P ( I ) / ( 1 1 0 5 . * 1 1 0 5 . ) 
31 K0( I ) = 0 W ( I t I ) / ( ( 110 5 . * * . 8 ) * X Q < I ) ) 
O T I M F = . l 
WRSS=110 5 . * 3 4 3 0 . / 3 9 8 0 . 
POWER=560. 
350 
TABLE B-1 CONTINUED 
KP( 12) =XP( 12 ) / ( WRSS* WRSS) 
K 0( 12) =ow ( i , i ? ) / ( t V;P s s * * . «) * x o ( l ?) ) 
MKTPW( 12)=MW( l ? ) * C ? w ( 12) 
T O ( l , 9 ) = 9 5 0 . 
TH( l , 1Q) = 1015 . - J , 0 l 
TO( 1 , 1 ? ) = 1 C 1 5 . 3 9 ] . 
C RHON(M) IS A DUMMY VARIABLF CORPFSPONDING TO STFADY STATE 
C DENSITY 
R H O N ( 9 ) = 1 0 . 1 1 4 5 1 
R H 0 N ( 1 0 1 = 6 . 0 9 6 4 5 6 3 
RHON( 1 1 ) = 4 . 9 . 3 ? ? 7 3 
PHON( 12 ) = . 9 9 5 6 8 3 75 
R H 0 ( 1 1 ) = 5 . 0 
V ( 9 ) = B 2 3 . 
V( 1 0 ) = 5 9 6 . 
V( 11) = 3 0 9 . 
V ( 1 2 ) = ? 6 6 9 . 9 
C CHANGE THESE VALUES OF PO TO STEADY STATE 
P 0 ( 1 , 9 ) = 3 7 9 0 . 
P0( 1, 10) = 3 7 1 0 . 
P0( 1 ,111 = 3 6 0 0 . 
P 0 ( 1 , 1 2 ) = 6 4 4 . 
H S = 3 0 0 . 
C 
C BLOCK 4 
C I N I T I A L I Z E THE CONTROL SYSTEM VARIABLES 
C 







C GIVE NFW VALUE OF MW DEMAND 
C DEMWl GOES HERE 
DFMW 1 = 5 6 0 . 
DEMW2=560. 
B l A = 0 . 0 
E 1 I = C . 
ET8=0.C 






TABLE B-1 CONTINUED 
352 
F w n i = 3 0 8 r . 
F5AA=0 .C 
F W 0 2 = 5 3 0 0 . 
E6A=C.O 
PPM = 5 ^ 0 0 . 
F W V c A = 0 . 
T O E 1 9 = 9 5 C . 
Enci = o. 
F l 3GA=n .o 
S V P = 0 . 0 
FSPA=O.0 
WNGTH=50P0. 
F L F U 1 = 5 0 C 0 . 
F?0A=0 . 0 
F ? 0 P A = 0 . 0 
02 IS *'0T USED 
0 2 = 5 2 0 0 . 
OXYGFN SFT POINT 
O ? S P = 5 2 0 0 . 
O X F I = 0 . 
OVFA=0 . 
APLOW=5?00. 
A F I = 5 2 0 0 . 
E 5 0 A = 0 . 
E 6 0 A = 0 . 
S C I = 0 . 
F 2 5 A = 0 . 0 
12 CONTINUF 




T 1 = 0 . 
T2 = 0 . 
T P R I N T = 0 . 




I F ( O L T ) 1 C 0 4 , 5 8 0 , 1 0 0 4 
10C4 IS IN BLOCK 15 
580 CONTINUE 
I F ( D E M W 1 - 2 ? 5 . ) 4 0 5 , 4 C 1 , 4 0 1 
4C1 I F ( Q E M W l - 6 8 0 . ) 4 0 ? , 4 0 2 , 4 8 0 
4 0 ? CONTINUF 
C BLOCK 6 
C PRINT HEADING 
TABLE B-2 CONTINUED 
W ? I T F ( 6 , 6 3 5 ) 
6 ^5 TORMAT ( ?5X ,4HT I 'A F , 4X , r>H TVP XR , 6X , 4HF */R F , 5 X , 7H TO ( 1 , 7 ) , 
l ? X , 8 H T 0 ( 1 ,11 ) , 3X, *HTO( 1 , 1 2 ) ) 
'.<•'" T T H 6 , 10 10 ) 










UNIT LOAD DEMAND DEVEL^PMFNT 
6^0 >r = DEMWl-DFMW2 
8 = 3 . * E 
IF( ABS( P)-35. )61C, 610,615 
615 IF(B-35.1620,620,625 
620 tt=-35.0 
GO TO 610 
625 *=3^.0 
6 10 B1=R*1. 
rEMW? = DFMW2 + ( ( B l + P. 1A ) / 2 . ) * T 1 * ( l . / 6 ^ . ) 
B1A=B1 
B! OCK 8 












F l = 
F 1 I 
ET8 
I F ( 
I F ( 
I F ( 
E l 
GOT 











I F ( 






F 1 I 
ABS 







E l * 
ABS 
A L -
- 2 1 
0 6 






W 2 - POWER 
I + f ( E T 8 + E 1 ) / ? . ) * T l * ( l . / 3 0 0 . ) 
1 6 6 5 , 6 7 0 , 665 
( E l l ) - 3 5 0 . 1 6 7 0 , 6 7 0 , 6 7 4 
- 3 5 0 . 1 6 7 6 , 6 7 6 , 6 8 0 




( . 2 / 3 5 0 . ) * F 1 I + 1 . 
=0FMW2*TPIM1 
1.0 
( A D - 2 1 . 1 6 0 0 , 6 C 0 , 605 




E R - 1 7 5 . ) 6 9 1 , 6 9 2 , 692 
E R - 7 0 0 . ) 6 9 3 , 6 9 3 , 6 9 4 
( 1 . 0 / 5 2 5 . ) * P 0 W F P + . 5 
95 
354 
TABLE B-1 CONTINUED 
(-.0 1 TP I M ? = ] . 0 
GOTO 6 95 
694 T R I M 2 = 2 . 5 
60 5 CONTINiUF 
A| HJ = AI.*TR IM? 
C TEMPORARY AL1U W/0 TRIMMING 
AL 1U = A | . * 1 . 0 
Al 1 = A|_ 1U*( 5 0 . / 7 . ) 
PF=PO( 1 , 1 6 ) - 3 5 ™ . 
P F R = P F * ( 7 . / 5 0 . ) 
DFMW4=DEMW2A+PFP 
PSPC = 3 5 0 0 . + A I . 1 
P S ° F = P S P C - P O ( 1 , 1 6 ) 
PC = P S P F * 5 . 
V I C = V I C + ( ( P S P F + P S P F A ) / 2 . ) * T 1 * ( 1 . / 1 2 . ) 
PS I ,EA=PSDE 
VPS=PC+VIC 
FV15=VPS-TVPX 
TV"X = T V P X + ( ( F V 1 5 + E V 1 5 A J / 2 . ) * T 1 * ( 1 . / 1 2 . ) 
FV15A=FV15 
1F( I B T . M ) 8 1 1 , 8 1 0 , 8 1 1 
8 1 1 T V P X R = T V P X / 1 0 0 0 . 
GO TO 812 
«1C T V P X R = 1 . 
812 CONTINUF 
C 
C Rl OCK 9 
C FFFDWATER FLOW CONTROL 
C 
F W C D = ( 4 5 6 . / 5 5 . ) * ( D F M W 4 - 0 ^ P E R 2 * . 0 0 5 ) - 6 6 0 . 
I F ( F W C D - 1 2 0 0 . ) 4 0 5 , 40 0 , 4 0 0 
405 W P I T F ( 6 , 7 0 0 ) 
7 0 0 FORMAT( 1 H 0 , 6 X , 3 ( 1 1 H WARN I N G . . . , 1 0 X ) ) 
W P I T F ( 6 , 7 0 1 ) 
7 0 1 F0RMAT(40H0FL0W DEMAND IS BELOW MINIMUM ACCFPTABLF) 
W R I T E ( 6 , 7 1 1 ) 
7 1 1 FORM AT(6H VALUE) 
W R I T E ( 6 , 7 0 2 ) 
702 FORMAT(43H0TRIP U N I T . . . TR IP U N I T . . . TRIP U N I T . . . ) 
STOP 
400 I F ( F W R F - 2 8 3 5 . 0 1 4 0 6 , 4 0 6 , 4 1 0 
4 0 6 CONTINUE 
A = 1 0 0 . 
B = 2 4 5 . 0 
C = 6 0 . 0 
S P 1 = 2 5 9 0 . 0 
S P 2 = 3 8 6 0 . 0 
355 
TABLE B-1 CONTINUED 
P P M i = u f r n c . 0 
FA'U E l = ? 5 9 0 . 0 
P R P D 1 = 3 R 6 0 . 0 
GO TO 560 
410 TF( FWPE-30 85 . ) 4 1 2 , 4 1 2 , 4 2 0 
412 CONTINUE 
A= 1 0 0 . 0 
B = 2 5 C 0 
C = 7 5 . 0 
S P 1 = 2 8 3 5 . 0 
S P ? = 3 9 2 0 . 
R P M 1 = 4 7 0 0 . 0 
FWPF1=2835 .0 
PBFP 1 = 3 9 2 0 . 0 
GO TO 560 
4?0 IF ( FWRF-33 3 0 . 0 ) 4 2 ? , 4 2 2 , 4 3 0 
42 2 CONTINUE 
A = 1 C 0 . 
R = ? 4 5 . 
C = 7 0 . 
S P 1 = 3 0 8 5 . 
S P 2 = 3 9 9 5 . 
RPM 1 = 4 8 0 0 . 
FWRF1=30 8 5 . 
PBFP 1=3995 .-
GO TO 560 
430 IF ( F W R E - 3 5 4 0 . ) 4 3 2 , 4 3 2 , 4 4 0 
432 CONTINUE 
A = 1 0 0 . 
8 = 2 1 0 . 
C = 7 0 . 
S P 1 = 3 3 3 0 . 
S P 2 = 4 0 6 5 . 
RDM 1=4 9 0 0 . 
FWRE 1 = 3 3 3 0 . 
P R P P 1 = 4 0 6 5 . 
GO TO 560 
440 I F ( F W R E - 3 7 8 0 . 1 4 4 2 , 4 4 2 , 4 5 0 
442 CONTINUE 
A = 2 0 0 . 
B = 2 4 0 . 
C = 8 0 . 
S P 1 = 3 5 4 0 . 
S P 2 = 4 1 3 5 . , 
pp ' / 1 = 5 0 0 0 . 
FWRE 1 = 3 5 4 0 . 
P B F P 1 = 4 1 3 5 . 
356 
TABLE B-1 CONTINUED 
GO TO 560 
4 5^ I F( rw» E - ^ 0 O n . 1 4 5 2 , 4 5 2 , 4 8 0 
4 5 ? CONTINUE 
A = 1 0 0 . 
8 = 2 0 " . 
C = 6 5 . 
S P 1 = 3 7 8 T . 
RPM1=520 0 . 
FWRE1=3780 . 
0 B F P 1 = 4 ? 1 5 . 
S P 2 = 4 ? 1 5 . 
I F ( FWR F-SP 1) 4 4 2 , 5 6 0 , 560 
560 CONTINUE 
E5=FWCD-FWD1 
C 5 A = E 5 / 1 5 . 
FW'U = FWni + ( ( F5A + F5AA ) / ? . ) * T 1 
F5AA=E5A 
F6=FWD1-FW"F 
F W n ? = F W D 2 + ( ( F 6 + F 6 A ) / 2 . ) * T l * ( l . / 1 5 . ) 
F6A=F6 
FWVF=FWD2-PPM 
RPM = RPM+( ( FWVF + FWVFA ) / 2 . ) * T 1 
FWVFA=FWVF 
X = F W R F - S ° l 
I F ( X - 8 ) 4 8 8 , 4 8 8 , 4 8 9 
4 89 X=B 
4 8 8 CONTINUF 
IF(FWC ) 8 1 3 , 8 1 4 , 8 1 3 
8 13 CONTINUE 
PBFP=3 5 0 0 . + ( S ° 2 - 3 5 0 0 . ) + ( C / R ) * X 
GO TO 815 
8 1 4 P B F P = 4 2 8 0 . 
8 1 5 CONTINUE 
I F ( F W C ) 8 0 5 , 8 C 4 , 8 0 5 
80 5 F W R E = F W R E l - ( B / 2 . ) * ( R P M 1/A + P B F P 1 / C ) + ( B / 2 . ) * ( R P M / A + P B F P / 
l f . l 
GO TO R06 
804 FW=?E=3980. 
806 GO TO 733 
480 W R I T F ( 6 , 7 0 0 ) 
W R I T F ( 6 , 7 0 3 ) 
7 0 3 FORMAT(4CH0FLOW DEMAND IS ABOVE MAXIMUM ACCEPTABLE) 
W R I T E ( 6 , 7 1 2 ) 
7 1 2 F0RMAT(6H VALUE) 
W R I T E ( 6 , 7 0 2 ) 
STOP 
7 3 3 CONTINUE 
357 
TABLE B-1 CONTINUED 
C BLOCK 10 
C F I R I N G PATF CALIBRATION 
C 
FRTFM?=DFWW4 
F13=10 1 ^ . 3 O l - T 0 ( 1 , 10) 
E 1 3 G = F 1 3 * l . 
PERT = ( T0( 1 , 9 ) - T 0 F 1 9 ) / D T I M F 
DEREP1 = F13G-DERT 
TR IM3=( 1 . 5 / 7 0 O . )*DEMW4 + l . 
OFRFPT = DERER 1*TR IM3 
DEPEP2=DER ERT + F1 
FRDFM3=FRDEM?+DERER? 
F 1 3 G I = E 1 3 G I + ( ( F 1 3 G + F 1 3 G A 1 / 2 . ) * T 1 * ( 1 . / 1 2 0 . ) 
E13GA=E13G 
I F ( A B S ( F 1 3 G T ) - 1 2 0 . 1 7 9 0 , 7 9 0 , 7 91 
7 9 1 I F ( E 1 3 G I - 1 2 0 . 1 7 9 2 , 7 9 2 , 7 9 3 
79 2 E 1 3 G I = - 1 2 0 . 
GO TO 790 
79 3 F 1 3 G I = 1 2 C . 
790 T R I M 4 = E 1 3 G I * ( . 1 / 1 2 0 . ) + l . 
FRDEMC = FRDEM3*TRIM4 
c 
C BLOCK 11 
C SPRAY VALVE CONTROL 
C 
ESP=DFRER1-SVP 
S V P = S V P + ( ( E S P + F S P A ) / 2 . ) * T 1 * ( 1 . / 1 2 . ) 
SVP1=-SVP 
ESPA=ESP 
I F ( S V P 1 - 1 0 0 . ) 7 9 8 , 7 9 8 , 7 9 9 
7 9 9 S V P 1 = ] C O . 
798 CONTINUE 
I F ( S V C ) 8 1 7 , 8 1 6 , 8 1 7 ' 
C . WSTH= SPRAY FLOW(THOUSANDS OF POUNDS PFP HOUR) 
817 WSTH=SVP1 
GO TO 818 
83 6 WSTH=0. 
818 CONTINUE 
C 
C BLOCK 12 
C FUEL FLOW CONTROL 
C 
FFDM = ( 120../13. )*FRDEMC-170. 
E20=FFDM-WNGTH 
PP.05 = E 2 0 * . 3 
F L F U l = F l . F U l + ( ( F20 + E20A ) / 2 . ) * T 1 * ( 1 . / 2 0 . ) 
TABLE B-1 CONTINUED 




S l ' F L = r i FU1+PP05 
r 2 0 F = SUFI -WMGTH 
W \ ' G T H = W N G T H + ( ( E 2 0 F + E 2 0 F A ) / 2 . ) * T 1 * ( 1 . / 6 0 . ) 
F20FA=E2CF 
I F ( F F C ) 8 0 ] , 8 0 0 , 8 0 1 
WMG = WNGTH*10 0 0 . 






Bl OCK 13 






O Y E I = O X F I + ( ( O X E + O X E A ) / ? . ) * T 1 * ( l . / l . ) 
OXcA=OXE 
PER0VP = (0VEI - ' - -100. ) / 0 2SP 
I F ( A B S ( P E R O X F ) - 5 . ) 5 1 5 , 5 1 5 , 5 1 6 
516 I F ( P E R O X E - 5 . 1 5 1 7 , 5 1 7 , 5 1 8 
517 P F P O X F = - 5 . 
GO TO 515 
518 PEROXE=5. 
515 CONTINUF 
T R I M 5 = ( - 2 . / 5 . ) * P F R O X F + l . 
FRTRIM = FRDFMC*TR IM5 
AFL0WD=( 1 2 0 . / 1 3 . )*FRTR I M + 3 0 . 
F50=ACLOWD-AFLOW 
P 5 0 = F 5 O * . 5 
A F I = A F I + ( ( E 5 0 + E 5 0 A ) / 2 . ) * T 1 * ( l . / l 5 . ) 
E50A=E50 
S A F = P 5 0 + A F I 
A F L O W = A F L 0 W + ( ( F 6 O + E 6 C A ) / ? . ) * T l * ( 1 . / 1 5 . ) 
F60=F60 
AFLO=AFLOW+1000. 
I F ( AFC ) 8 2 0 , 8 19 , 820 
820 W R I T E ( 6 , 5 2 7 ) 
5 2 7 FORMAT(37H AIR FLOW CONTROL CONNECTS TO PROCESS) 
819 CONTINUE 
BLOCK 14 
REHFAT STEAM TEMPERATURE CONTROL(DAMPER CONTROL) 
E25=TO(1,12)-TO(1,10) 
C10=E25*2. 
SCI=SCH-((F25A+F25)/2. )*T 1* ( 1./I 80. ) 
E25A=E25 
359 
TABLE B-1 CONTINUED 
S S C I = C K + S C I 
PDEC=SSCI+0EMW4 
I F ( R H S T C ) 8 0 8 , 8 n 7 , 8 0 8 
808 CONTINUE 
R12=( . 52-DOC C*. 04/56 C, ) /( ( . 4 8+DPEC* . 04/560. ) * ( .48/. 5? )', 
GO TO 309 
C R 12=1. AT 56 0 MM ONI Y 
807 Rl?=l. 
809 CONTINUF 
C BLOCK 15 
C T IMF INCREMENT AMD INTF&FACE BFTWFEN CONTROL SYSTEM 
C AND PROCESS 
C 
TIME=T IME + T1 
T 1 = . 0 I 
I F ( T I M E - T 2 ) 6 c i O , 5 1 0 , 5 1 0 
1004 T IME=T IME+DTIMF 
C VARIABLES FOR OP FN LOOP TFSTS FOLLOW 
C RUN NO. S I 3 £ S14 
I f " ( R U N - 3 . 0 ) 1 0 0 7 , I P 0 5 , 1006 
1P07 W R I T E ( 6 , 1 0 0 8 ) 
1008 FORMAT(12HST0P 4T 1 0 0 7 ) 
100 5 WNG=2.415E6 
F K R E = 1 0 0 6 . 8 7 
P B F P = 3 6 5 0 . 
WSTH=0.0 
T V P X P = 1 . 4 8 1 
R 1 2 = 1 . 0 8 
DFMW1=?80. 
GO TO 500 
1C06 WNG=?.415E6 
FWRE=1906 .87 
P R F P = 3 6 5 0 . 
WSTH=0.0 
T V P X P = 1 . 4 6 1 
R l ? = 1 . 0 9 
DEMWl=280 . 
GO TO 500 
510 T2=T2+DTIME 
c 
C BLOCK 16 
C FRROR CHECK 
C 
50 0 I F ( ABS ( E 5 ) - . 0 0 0 5 ) 5 7 0 , 5 7 0 , 4 9 0 
5 70 I F ( A B S ( E 6 ) - 0 . 0 0 0 5 ) 5 8 0 , 5 8 0 , 4 9 0 
C 
360 
TABLE B-1 CONTINUED 
C BLOCK 17 
C INTERCONNECTION OF CONTROL VARIABLES WITH PROCFSS 
C 
C 
490 DO 92 N = l , 11 
W(N)=FWRE/3 .6 
92 CONTINUE 
W ( 1 ? ) = W ( 1 1 ) * 3 4 8 0 . / 3 9 8 0 . 
TOE10=TO( 1 , 9 ) 
AA=TVPXR<-{ 3 . 1 4 1 5 9 / 4 . )*( { 8 . / 1 2 . ) * ( 8 . / 1 2 . ) + 3 . * ( 7 . / 1 2 . ) * ( 
1 7 . / 1 2 . ) ) 
AWG=WMG+2O0000. 
WG( 1 ) = AWG* ( 4 . 5 0 9 / 5 . 2) 
W G ( 2 ) = W G ( 1 ) * ( . 4 8 + ( . 0 4 / 5 6 0 . ) * D 0 E C ) 
W G ( 3 ) = W G ( 1 ) * ( . 5 2 - ( . 0 4 / 5 6 0 . ) * D D E C ) 
P I ( 1 ,1 )=PBFP 
C WS IS SPRAY FLOW IN POUNDS PER SECOND 
C CHANGE WS STFADY STATE TO 50 L B / 3 . 6 SEC 
WS=WSTH/3.6 
c . 
C BLOCK 18 
C HFAT FLUX COMPUTATIONS 
C 
C OCT=QC+QF 
C TOTAL CONVFCTIVF HEAT+EXCESS HEAT LEAVING FURNACE 
C 
OCT=WG( 1 ) * C P G * ( T G - 7 C . ) / 3 6 0 0 . 
C QG IS THF TOTAL HFAT L IBERATED BY THE COMBUSTION 
C PROCFSS 
QG=WNG*HC/3600. 
C OR=PADIATIVF PORTTON OF THE HEAT TRANSFERRED 
OR=OG-OCT 
C OC IS THE CONVECTIVE HEAT TRANSFERRED 
Q C = Q C T - ( W G ( 1 ) * 7 7 8 . 5 ) / ( 4 . 5 0 9 * 3 6 0 0 . ) 
0W( 1 ,1 ) = .1.*QC 
0 W ( 1 , 2 ) = . 0 9 4 5 * 0 R 
0W( 1 ,3 ) = . 185 0-QR 
Q W ( 1 , 4 > = . 1 7 * 0 R 
0W( 1 , 5 ) = .1885*QR 
0W( 1 , 6 ) = .151*QR 
Q W ( 1 , 7 ) = . 1 2 9 * 0 C 
0W( 1 , 8 ) = . 0 6 4 5*QC 
C Q W ( 1 , 9 ) = . 1 6 1 * Q C 
0W(1 , 1 0 ) = . 19 5*QC + .21*QR 
C Q W ( 1 , 1 2 ) = . 3 5 * Q C 
0W( 1 , 1 2 ) = . 3 5 * Q C * R 1 2 
QW( l , 9 ) = ( . 5 1 l * Q C ) - Q W ( 1 , 12) 
TABLE B-1 CONTINUED 
c 
C BLOCK 19 
C SOIUTION OF THE PROCESS EQUATIONS 
C 
I NCR HO = .0 
DO 5 0 N=l,J 
51 CONTINUE. 
PO( I , N) = P I ( 1 , N ) - K P ( N ) * W ( N ) * W ( N ) 
P ! ( l . M + 1 ) = P 0 ( 1 , M ) 
DO 4 0 J 1 = 1 , 3 
P=PO{1 ,N ) 
H=H0(J 1,N) 
CALL TSSPH 
T 0 ( J 1 , N ) = T 
I F( PRD) 9 4 , 9 1 , 94 
94 CONTINUE 
C TO SK IP COMPUTING RHO THREE TIMFS 
IF( J l - l ) 9 1 , 9 3 , 9 l 
9 3 CONTINUE 
I F ( N - 9 ) 9 1 , 8 7 , 8 7 
C COMPUT E RHO(N) 
87 I F ( N - 1 2 ) 8 8 , 9 1 , 8 8 
88 CONTINUE 
P O A ( N ) = ( P O ( l , N ) + P O ( 1 , N - 1 ) ) / 2 . 
TOA(N) = ( T O ( 1 , N )+TO( 1 , N - 1 ) ) / 2 . 
90 P=POA(N) 
T = T0A( N) 
CALL SPVOL 
RHO(N)=RHOSV 
DPHOtN )=RHO(N) -PHON(N) 
PHONfN )=RHO(N) 
W ( N ) = W ( M - l ) - V ( N ) * D R H O ( N ) / D T I M E 
9 1 CONTINUE 
0 ( J 1 , N )=KQ(N ! * W ( N ) * * . 8 * ( T W ( J l , N ) - T O < J l , N ) ) 
DTWR(J 1 )=DTIME* (OW( 1 , N ) - Q ( J 1 , N ) )/MWCPW(N) 
D H O R ( J l ) = O T I M E * ( W ( N ) * ( H I ( 1 , N ) - H 0 ( J 1 , N ) ) + 0 ( J l , N ) ) / M ( N ) 
I F ( J 1 - 3 ) 8 0 , 7 0 , 7 0 
8 0 T W ( 2 , M ) = T W ( 1 ,N )+DTWP( 1 ) / ? . 
T W ( 3 , N ) = T W ( 1 , N ) + 2 . * D T W R ( 2 ) - D T W R ( 1 ) 
H O ( 2 , N )=HO( 1,N )+DHOR( 1) /?. . 
40 H O ( 3 , N ) = H O ( 1 , N ) + 2 . * D H 0 R ( 2 ) - D H O R ( 1) 
70 INCRHO = lNCRHn+{ ( DHOR ( 1) «-4 , *DH0R ( 2) +DH0R ( 3 ) ) / 6 . ) 
Hfl( 1,N )=HO( 1 ,N) + INCRH0 
IF(N-9)85,84,85 
C ADD SPRAY FLOW ENTHALPY INCREMFNT TO H0(l,9) 
84 009 = W(9)*H0( 1,9) 
PI( 1,1) = PO< 1,1)-(W(1)*25. )/1105. 
362 
TABLE B-1 CONTINUED 
P = PI ( 1 , 1 ) 
H = H I ( 1 , 1 ) 
CALL TSSPH 
T I ( 1,1 1=T 
0 O S = W S * 1 . 4 4 * ( T O ( 1 , 9 ) - T I ( 1 , 1 ) ) 
0110=Q0 9-DQS 
H I ( 1 , 1 0 ) = 9 I 1 0 / W ( ° ) 
GO TO 86 
85 CONTINUE 
H I ( 1 , M + 1 ) = H O ( 1 , N ) 
86 CONTINUE 
TW( l , N ) = T W ( l , N ) + ( ( D T W R ( 1 ) + 4 . * 0 T W R ( 2 ) + D T W R ( 3 ) ) / 6 . ) 
50 CONTINUE 
C COMPUTE PROCFSS VARTABtES FOR LUMP 12 
5 2 N=12 
P O ( l , 1 6 ) = P 0 ( 1 , 1 1 ) - ( W ( 1 1 ) * W ( 1 1 ) ) / ( ( 1 8 4 6 . 5 4 1 * P H 0 ( l l ) * 
1AA*AA)) 
. W( 1 2 ) = ( 3 4 8 0 . / 3 9 8 Q . )*W( 11) 
P H I , 1 2 1 = 6 6 8 . 
HI(1,121=1285. 
C CORRESPONDING T I ( 1, 1 2) =596. 044 
I NCR HO=0. 
P0(i,N)=PI(1,N)-KP(N)*W(N)*W(N) 
PI(1,N+1)=P0(1,N) 





0(J 1,N ) =K0(N)*W{N)**.8*(TW(J 1,N)-TO(Jl,N)) 
DTWR(J1)=DTIMF*(QW(1,N)-0(Jl,N))/MWCPWfN) 
nHOR(Jl)=DTIME*(W(N)*(HI(1,N)-H0<J1,N))+Q(Jl,N))/M(N) 
IF( Jl-3)74,75, 75 
74 TW(2,N)=TW(1,N ) + DTWR(1)12. 
TW(3,N ) = TW(1,N)+2.*DTWP(2)-0TWR(l) 
H0(2,N)=H0(1,N)+DH0R(1)/?. 
7 3 H0(3,N )=H0(l,N)+2.*nH0R(2)-DH0R(1) 
7 5 INCRH0=INCRHO+((DHOR(1)+4.*DHOR(2)+DHOR(3))/6.) 
H0(1,N)=H0(1,N)+INCRHO 
HI(1,N+1)=H0(1,N) 
T W ( 1 , N ) = T W ( 1 , N ) + ( ( D T W R ( 1 ) + 4 . * D T W R ( 2 ) + 0 T W R ( 3 ) ) / 6 . ) 
C T 0 ( l , 1 0 ) I S ADJUSTED TEMPORARILY 
T 0 ( 1 , 1 0 ) = T 0 ( 1 , 1 0 ) - 8 . 8 9 
c . : 
C BLOCK ?0 
C TURBINE EQUATIONS 
C 
























W( 1 1 ) = W( 1 2 )<•- ( 3 ° 8 C . / 3 4 8 0 . ) 
P0WFP1=C.2 8 5 * ( H 0 ( 1 , 1 1 ) - 1 27 6 . ) * W ( 1 1 ) * 3 . 6 F - 3 
P O W F R 2 = 0 . 2 4 0 * ( U 0 ( 1 , 1 2 ) - 1 1 1 3 . ) * W ( 1 1 ) * 3 . 6 E - 3 
THF TOTAL POWER IN MEGAWATTS I S POWER 
pnwFR=POWFRl+POWCR2 
BLOCK ?l 
LOW AND HIGH PRESSORF FEEDWATER HEATERS 
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TABLE B-1 CONTINUED 
C PRINT OUTPUT 
C 
I F (T I M F - T P R T M T ) 1 0 1 4 , 6 3 , 6 3 
63 W R I T F ( 6 , 1 5 ) T I M E , T V P X P , F W R E , T 0 ( 1 , 7 ) , T 0 ( 1 , 1 1 ) , T 0 ( 1 , 1 ? ) 
15 F O R M A T ( 2 C X , F 1 0 . L , 5 F 1 0 . 2 ) 
WRITFf ft,10 0Q )POWFR,P0( 1 , 7 ) , P 0 ( 1 , 1 1 ) 
100O F O R M A T ( 4 0 X , 3 F 1 0 . ? / ) 
T P R I N T = T P R I N T + 1 P . 
' l C 1 4 IF( R U M - l . 0 ) 7 2 , 7 2 , 1003 
1013 I F ( O L T ) 7 2 , 7 2 , 1 0 1 1 
72 I F ( T I M F - 2 4 C . ) 8 1 , 8 1 , 8 2 
81 GO TO 650 
82 DF ,"Wl = D E M W l - ? 8 0 . 
RUN=RUN+1. 
GO TO 12 
10 11 I F ( T I M E - 6 0 0 . 1 1 0 0 4 , 1 0 1 2 , 1 0 1 2 
1 0 1 2 RUN=RUN+1. 
GO TO 12 
1 0 0 3 I F ( R U N - 3 . ) 1 0 2 2 , 1 0 ? 1 , 1 0 2 1 
1022 IF(TTMF-4 5 0 . ) 8 1 , 8 1 , 102 0 
1020 PUN=RUN+1. 
OLT=1.0 
GO TO 12 
1021 I F ( T I M E - 6 0 0 . ) 1 0 0 4 , 1 0 C 4 , 1 0 2 0 
1 0 3 1 I F ( T I M E - 6 0 0 . ) 8 1 , 8 1 , 1 0 3 2 
1032 RUN=RUN+1. 
OEMW1 = DEMW1 + 1 0 . 
GO TO 12 
83 CONTINUE 
c 
DATA J / 1 1 / 
DATA X P / 1 1 4 . , 3 5 . , 5 0 . , 5 5 . , 7 0 . , 2 5 . , 1 5 . , 7 5 . , 7 0 . , 8 0 . , 9 0 . , 
1 2 4 . , 2 * 0 . / 
DATA * 0 / 1 0 * 4 0 . , - 4 0 . , 4 0 . , 2 * 0 . / 
DATA M / 4 6 1 5 0 . , 6 6 2 0 . , 1 2 4 0 0 . , 4 7 2 0 . , 4 1 0 5 . , 3 0 0 5 . ,5 4 0 0 . , 3 3 5 
1 0 . , 6 6 9 0 . , 5 0 2 0 . , 1 5 C 5 . , 3 0 0 0 . , 2 * 0 . / 
DATA MW/8520 C O . , 1 7 6 5 0 0 . , 3 8 2 C 0 0 . , 1 7 2 0 0 0 . , 1 9 9 0 0 0 . , 2 4 1 0 0 0 
1 . , 5 4 6 0 0 0 . , 4 1 3 0 0 0 . , 7 8 2 0 0 0 . , 9 3 2 0 C 0 . , 3 1 2 2 0 0 . , 9 2 8 0 0 0 . , 2 * 0 . 
1 / 
DATA C P W / 1 2 * . 1 6 9 , 2 * 0 . / 
DATA H I / 4 8 7 . 5 , 3 2 * 0 . , 1 ? 8 5 . , 2 9 * 0 . / 
DATA H O / 5 4 9 . 0 5 , 2 * 0 . , 5 9 9 . 1 3 , 2 * 0 . , 6 9 7 . 1 5 , 2 * 0 . , 78 7 . 4 3 , 2 * 0 
1 . , 8 8 7 . 4 , 2 * 0 . , 9 6 7 . 6 6 , 2 * 0 . , 1 0 4 7 . 9 , 2 * 0 . , 1 0 8 8 . 0 7 , 2 * 0 . , 1 1 8 8 
2 . 4 , 2 * 0 . , 1 4 2 2 . 3 2 , 2 * 0 . , 1 4 1 5 . 8 5 , 2 * 0 . , 1 5 3 3 . 6 0 4 , ? 9 * C . / 
DATA T W / 5 9 2 . 6 6 , 2 * 0 . , 6 3 3 . 9 4 , 2 * 0 . , 6 5 9 . 2 4 , 2 * 0 . , 7 3 0 . 5 8 , 2 * 0 
1 . , 7 6 8 . 3 5 , 2 * 0 . , 7 8 2 . 0 1 , 2 * 0 . , 7 9 2 . 6 6 , 2 * 0 . , 7 9 6 . 4 6 , 2 * 0 . , 8 ? 9 . 
2 9 1 , 2 * 0 . , 10 7 0 . 7 6 , 2 * 0 . , 9 7 3 . 1 7 , 2 * 0 . , 1 0 6 6 . , 2 9 * 0 . / 
365 
TABLE B-1 CONTINUED 
DATA 0 W / 6 8 5 C C , 5 5 4 0 C , 1 0 8 5 0 0 . , 9 9 8 0 0 . , 1 1 0 5 0 0 . , 8 8 7 0 0 . , 




C COMPUTATION OF THF STEAM TABLF DATA 
C 
SUBROUTINE TSSPH 
COMMON H ,P ,T ,RHOSV 
H M I N = 7 C 8 . 5 - . 0 0 3 3 * P 
I F ( H-HMIN) 5 , 6 , 6 
5 C O L = 2 6 . 1 6 8 3 3 7 
CO 2 = 1 . L 5 0 6 1 3 5 
r C 3 = - 1 . 1 4 8 1 5 6 5 F - 3 
CO 4= 3 . 64 56 28 6 F - 6 
C 0 5 = - 5 . 3 7 1 9 4 0 5 F - 9 
C 0 6 = 2 . 4 ? 9 9 6 4 ^ E - 1 2 
C 0 7 = - 7 . 7 4 8 2 « 3 7 F - 5 
C 0 8 = 6 . 5 1 3 7 1 8 9 F - 7 
C 0 9 = - 2 . 1 5 2 3 2 6 7 F - 9 
C10 = 3 . 1 2 3 3 0 3 2 E - 1 2 
C l l = - 1 . 6 0 1 8 5 7 O F - ] 5 
C 1 2 = 6 . 9 6 9 2 0 5 6 F - 1 0 
C 1 3 = - 8 . 0 4 5 9 9 0 1 F - 1 ? 
C 1 4 = 2 . 8 9 6 1 9 1 8 E - 1 4 
C 1 5 = - 4 . 1 9 8 7 4 3 3 F - 1 7 
C 1 6 = 1 . 9 5 3 4 0 4 ? E - 2 0 
T = C 0 1 + C C 2 * H + C 0 3 * H * * 2 + C C 4 * H * * 3 + C C 5 * H * * 4 + C 0 6 * H * * 5 
1 + P * ( C0 7*H + C0 8 * H * * 2 + C 0 9 * H * * 3 + C 1 0 * H * * 4 + C 1 1 * H * * 5 ) 
1 + P * * 2 * ( C 1 2 * H + C 1 3 * H * * 2 + C 1 4 * H * * 3 + C 1 5 * H * * 4 + C 1 6 * H * * 5 ) 
GOT02 
6 D F L T = 4 6 1 . - . 0 3 5 * P - . 3 9 * H 
I F ( P - 1 0 0 0 . ) 7 , 7 , 8 
8 I F I H - 1 2 8 0 . ) 9 , 7 , 7 
7 A 0 1 = - l . 0 6 5 9 6 5 9 E 4 
A C 2 = 2 . 0 1 1 0 9 C 5 F 1 
A 0 3 = - l . 2 5 0 9 5 4 F - ? 
A 0 4 = 2 . " 2 7 4 9 9 2 F - 6 
A 0 5 = 4 . 9 8 1 5 8 2 0 
A 0 6 = - 7 . 7 6 1 8 ? 2 5 F - 6 
A 0 7 = 2 . 4 3 9 1 6 1 2 E - 1 0 
A 0 8 = - 9 . 8 1 4 7 3 4 1 E - 3 
A C 9 = 6 . 5 8 2 4 3 9 C F - 6 
A 1 0 = - 1 . 4 7 4 7O38E-9 
G0T010 
9 A 0 1 = - 4 . 5 2 9 3 6 4 6 E 3 
A 0 2 = 1 5 . 3 5 8 3 5 0 
366 
TABLE B-1 CONTINUED 
A C 3 = - 1 . 5 6 5 5 5 3 7 F - 2 
A 0 4 = 5 . 2 6 8 7 8 4 9 F - 6 
A 0 5 = 4 . 4 1 8 5 3 8 6 E - 1 
A 0 6 = - 9 . 1 6 5 4 9 0 5 F - 6 
A 0 7 = 2 . 7 5 4 O 7 6 6 F - 1 0 
A08 = - l . 1 5 4 1 5 5 3 F - 3 
A 0 9 = 1 . 2 3 8 4 5 6 0 F - f t 
A 1 0 = - 4 . 1 7 2 4 6 0 4 E - 1 0 
' lC T = A 0 l + A 0 2*H+A0 3 * H * * 2 + A 0 4 * H * * 3 + A 0 5 * P + A O 6 * P * * 2 + A O 7 * P * * 3 






COMMON H ,P ,T ,RHOSV 
C THIS PROGRAM COMPUTES THE SPECIFIC VOLUME OF 
C SUPERHEATED STFAM 
C COMPUTE W l 
P P = P / 1 4 . 6 0 f t 
T T = ( 5 . / 9 . ) * ( T - 3 2 . ) 
V K 1 = 2 7 3 . 1 6 
P = 4 . 5 5 0 4 
T A U = 1 . / ( V K 1 + TT) 
V V 1 = R / ( P P * T A U ) 
C COMPUTE VV2 
A = 1 . 8 9 
B = 2 6 4 1 . 6 2 
C = 1 0 . 
0 = 8 0 8 7 0 . 
ALPHA=B*C* * ( D * T A U * * 2 . ) 
BO = A-TAU*ALPHA 
VV2=B0 
BC=-BO 
C COMPUTE VV3 
E = 8 2 . 5 4 6 
F = 1 . 6 2 4 6 E 5 
DELTA=E-F*TAU 
V V 3 = ( ( B O * T A U ) * * 2 . ) * D E L T A * P P 
C COMPUTE VV4 
0 = 0 . 2 1 8 2 8 
H = 1 . 2 6 9 7 E 5 
E P S I = G - H * ( T A U * * 2 . ) 
V V 4 = E P S I * ( B 0 * * 4 . ) * ( T A U * P P ) * * 3 . 
C COMPUTE VV5 
V J = 3 . 6 3 5 E - 4 
V K 2 = 6 . 7 6 8 E - 8 
TABLE B-1 CONTINUED 
R|I02 = V J - V . K 2 * ( ( TAU*( 1 0 . * * 3 . ) ) * * 2 4 . ) 
W 5 = R H 0 2 * ( BO** 1 3 . ) * ( ( TAU*PP ) * * 1 2 . ) 
W 5 = - V V 5 
C COMPUTE S P E C I F I C VOLUMF, VNU 
Y = 0 . 0 1 6 0 1 8 5 
VNU=( VV1+VV?+VV3 + W 4 - V V 5 ) * Y 
C DFNS I T Y = 1 . / S P E C I F I C VOLUMF = RHOSV 
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